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SUMMARY 


Sodium  channels  and  calcium  channels  from  rat  brain  membranes,  have 
been  incorporated  into  planar  phospholipid  bilayer  membranes  and  charac¬ 
terized  electrophysiologically .  Currents  through  many  channels  (macroscopic 
currents)  and  those  through  single  channel  molecules  (single  channel  cur¬ 
rents)  were  studied.  The  sodium  channels  were  activated  by  the  neurotoxin 
batrachotoxin,  and  were  selective  for  sodium  over  potassium,  cesium,  and 
chloride.  They  opened  as  the  membrane  was  depolarized,  and  were  blocked  by 
nanomolar  concantrations  of  the  neurotoxins  saxitoxin  (STX)  and  tetrodo- 
toxin  (TTX) .  The  single  channel  conductance  was  30  pS  in  symmetrical  0.5  M 
NaCI,  0.1  mM  CaCl2>  Block  of  single  sodium  channels  by  STX  was  found  to  be 
dependent  on  the  membrane  potential  with  depolarizing  potentials  reducing 
the  potency  of  STX  block  by  as  much  as  50-fold.  Both  blocking  and  unblock¬ 
ing  rate  constants  were  affected  by  the  membrane  potential:  depolarization 
decreased  the  rate  (probability)  of  channel  block  by  STX  and  increased  the 
rata  (probability)  of  unblock.  These  sodium  channels  are  responsible  for 
depolarizing  phase  of  the  action  potential  in  nerve  and  muscle  cells  and 
appear  to  constitute  the  sole  site  of  action  of  STX  and  TTX,~  Single  calcium 
channels  from  rat  brain  membrane  vesicles  were  also  incorporated  into 
planar  bilayers;  both  macroscopic  and  single  channel  calcium  currents  were 
studied.  The  calcium  channels  were  selective  for  calcium,  barium,  and 
strontium  over  monovalent  cations  and  anions.  The  single  channel  conduc¬ 
tances  for  Ca**,  Ba**,  and  Sr**  were  5  pS,  8.5  pS,  and  5  pS,  respectively, 
in  symmetrical  0.25  M  Me**Cl2.  Membrane  depolarization  increased  the 
probability  of  channel  opening  and  decreased  the  probability  of  channal 
closing.  There  was  an  apparent  reciprocal  relationship  between  the  single 
channel  conductance  and  the  mean  open  lifetime  for  the  three  permeant 
cations  tested,  suggesting  a  possible  relationship  between  channel  gating 
(voltage  dependence)  and  ion  permeation.  These  calcium  channels  may  be  the 
pathways  for  calcium  entry  during  stimulus-coupled  release  of  neurotrana- 
mitter  at  synapses  in  the  central  nervous  system. 

O  r  ( q,\  rcA  or  v  vxr  \  Vc_a.  or  U  \  f  <_  \  A  ^ 


FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investigators 
adhered  to  the  “Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared 
by  the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of 
Laboratory  Animal  Resources,  National  Research  Council  (DHEW  Publication 
No.  (N1H)  78-23,  Revised  1978). 
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EXPERIMENTAL  RESULTS 


(for  the  period  8/1/82  through  7/31/83) 

A-  SPECIFIC  AIMS  OF  LAST  PROPOSAL. 

In  this  section  of  the  report  we  list  the  Specific  Aisa  of  our 
original  proposal  (for  three  years).  The  subsequent  cossents  sunaarize 
the  progress  sade  (if  any)  on  each  Specific  Ais  during  the  first  year  of 
the  project. 

1.  To  develop  end  refine  sethods  to  study  ion  selective  channels  fros 
excitable  aeabranes  incorporated  into  planar  bilayers. 

During  the  first  year  of  the  project,  we  have  developed  the  capability 
to  study  two  different  types  of  ion  channels  incorporated  into  planar  bi¬ 
layers.  New  electronic  circuits,  designed  and  built  by  our  group,  provide 
higher  resolution  and  frequency  response  as  well  as  capacity  coapensation. 
Further  iaproveaents  are  in  progress.  We  now  have  four  set-ups  in  opera¬ 
tion,  two  of  which  are  interfaced  to  aicrocoaputers.  Software  has  been 
developed  to  analyze  single  channel  fluctuations  due  to  voltage-gating  of 
single  channels  and  to  the  blocking  and  unblocking  of  the  channels  by  STX. 
Both  “painted"  and  solvent-free  “folded"  planar  bilayers  are  in  use. 

2.  To  survey  the  diversity  of  other  ion  channels  incorporated  into 
bilayers  fros  neuronal  and  cardiac  auscle  preparations,  including  other 
voltage-gated  channels,  caiciua-activated  channels,  and  channels  activated 
by  putative  neurotranssitter  substances. 

We  have  identified  and  characterized  voltage-dependent  calciua 
channels  m  planar  bllayers  exposed  to  rat  brain  seabrane  vesicles.  The 
results  are  suaaarized  below  (see  Nelson  et  si.,  1984,  ref.  29) 

3.  To  study  voltage-dependent,  saxitoxon  (STX) -sensitive  sodius 
channels  fros  rat  brain  seabrane  incorporated  into  lipid  bilayers. 

As  suaaarized  below  in  Krueger  et  al.  (1983)  (7)  and  French  et  al. 
(1984)  (15),  we  have  characterized  the  reconstituted  sodiua  channels 
with  respect  to  voltage  dependence  and  ion  selectivity.  Of  particular 
interest  was  the  finding  that  block  of  single  sodiua  channels  by  STX  was 
voltage-dependent  with  block  being  up  to  50-fold  less  potent  at  depolar¬ 
ized  potentials. 

4.  To  provide  a  definitive  characterization  of  the  caiciua-activated 
potassiua  channel  froa  rat  brain. 

This  part  of  the  proposal  has  been  dropped  in  order  to  devote  full 
tiae  to  the  study  of  sodiua  and  calciua  channels. 

5.  To  characterize,  in  bilayers,  channels  incorporated  froa  ayocardial 
aeabranes,  focusing  in  particular  on  the  role  that  calciua  plays  as  a 
charge  carrier  and  aodulator  of  conductances  in  cardiac  aeabranes. 

This  phase  of  the  project  has  been  deferred  to  the  second  year  and 
preliainary  experlaants  aro  in  progress. 
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b.  EyiLiSAiiyus  m  mmiziG  seeiibss 


Work  under  this  contract  has  rsaultad  in  three  publications: 


Krueger,  B.K.,  J.F.  Worley,  111,  and  R.J.  French.  Single  sodiua  channels 
froa  rat  brain  incorporated  into  planar  lipid  bilayer  aeabranea.  Mature 
303:  172-173  (1983). 

French,  R.J.,  J.F.  Worley,  111,  and  B.K.  Krueger.  Voltage-dependent  block 
by  saxitoxin  of  sodiua  channels  Incorporated  into  planar  lipid  bilayers. 
Biophysical  Journal  43:  301-310  (1984). 

Nelson,  N.T.,  R.J.  French,  and  B.K.  Krueger.  Single  calciun  channels  froa 
rat  brain  in  planar  lipid  bilayers.  Mature  308:  77-80  (1984). 


Each  section  of  the  report  below,  will  consist  of  a  brief  auaaary  of 
one  of  the  above  coaponante  of  the  project  together  with  conclusions  and 
future  plane,  followed  by  a  coaplete  text  of  the  resulting  publication. 


Staff  aeabers  on  this  project  attended  the  fallowing  scientific 
aaetings  to  present  the  experiaental  results  froa  this  project: 

R.J.  French.  Biophysical  Society  Heating,  San  Diego,  CA.  2/83. 

H.T .  Nelson.  Biophysical  Society  Nesting,  San  Diego,  CA.  2/83. 

B.K.  Krueger.  Gordon  Research  Conference,  Molecular  Pharaacology,  6/83 
(Invited  Speaker). 

R.J.  French.  Gordon  Research  Conference,  Cell  Meabrenes,  7/83  (Invited 
Speaker) . 

R.J.  French.  International  Physiological  Congress,  Sydney,  Australia, 
8-9/83  (Invited  Speaker). 


The  work  described  in  French  at  al.  (1984)  waa  solicited  as  a 
Plenary  Discussion  Paper  for  the  Fourth  Biophysical  Discussion,  Axrlie, 
VA,  10/83.  R.J.  French,  J.F.  Worley,  H.T.  Nelson,  and  B.K.  Krueger  were 
invited  to  attend  the  conference. 
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C.  SODIUM  CHANNELS  |M  £!*AMAR  §ILAY|R§a 


Sumaarv.  Voltage-dependent  sodium  channels  froa  rat  brain  wara 
incorporatad  into  planar  phospholipid  bilayer  membranes.  Tha  channels 
wara  activated  by  batrachotoxin  (BTX)  on  tha  aide  opposite  rat  brain 
aeabrana  addition  (trans)and  wars  blocked  by  aaxitoxin  (STX)  froa  tha 
side  of  vesicle  addition  <cis) .  This  allowed  the  assignment  of  tha  els 
side  as  tha  outside  of  the  bilayer  with  respect  to  the  channels.  Both 
aacroscopic  (aultichannel)  and  single  channel  currants  were  studied.  Tha 
single  channel  conductance  was  30  pS  (30  x  10~12  ohms"*)  in  symmetrical 
0.3  M  NaCl.  STX  blocked  with  an  apparent  dissociation  constant  of  about 
4  nM.  Stepwise,  unitary  current  fluctuations  wara  observed  which  were 
due  to  the  blocking  and  unblocking  of  individual  sodiua  channels.  Single 
BTX-activatad  sodiua  channels  were  selective  for  sodiua  over  potassium, 
cesium,  and  chloride.  Hyperpolarization  favored  channel  closing.  Block 
of  single  sodiua  channels  by  STX  was  voltage-dependent  with  hyperpolari- 
zlng  potentials  favoring  block. 


The  results  described  above  followed  froa  preliainary  results  ob¬ 
tained  with  aeabrane  vesicles  froa  rat  brain,  in  which  calciua-activated 
potasslua  channels  were  observed  in  p? anar  phospholipid  bilayers  exposed 
to  the  brain  vesicles  (Krueger,  French,  Blaustein,  and  Worley,  abstract 
in  Blophvs.  J.  37:  170a,  1982) .  We  knew  that  tha  vesicles  also  contained 
sodiua  channels  because  binding  of  ^H-saxitoxin  (STX)  was  enriched  in 
the  vesicles  ()).  When  the  protocol  of  Miller  (2)  was  used,  with  the 
exceptions  that  NaCl  replaced  KC1  and  brain  vesicles  were  added,  a  STX- 
blockable  conductance  appeared  in  the  bilayers.  This  result  also  re¬ 
quired  that  betzachotoxin  (BTX)  be  present  on  the  side  opposite  vesicle 
addition.  BTX  inhibits  sodiua  channels  inactivation  and  causes  the 
channels  to  reaain  open  at  the  norael  resting  potential  (3-6) .  Further 
study  indicated  that  under  appropriate  conditions  (low  vesicle  concen¬ 
tration)  a  single  channel  could  be  incorporated  into  the  bilayer  and 
studied  for  soae  tiae.  We  characterized  these  BTX-activated  sodiua 
channels  at  the  single  channel  level  with  respect  to  potency  of  STX 
block,  ion  selectivity,  and  voltage  dependence.  Details  of  these  results 
can  be  found  in  the  publication  that  follows  (7).  Thera  seeas  to  be 
little  doubt  that  these  channels  are  identical  to  those  that  are  respon¬ 
sible  for  the  depolarizing  phase  of  the  action  potential  of  nerve  cells 
and  that  are  the  only  know  site  of  action  of  STX  and  TTX. 


Sever al  particularly  interesting  findings  case  out  of  this  work.  This 
was  the  first  report  in  the  literature  of  the  successful  incorporation  of 
voltage-dependent  sodiua  channels  into  an  artificial  aeabrane.  There  had 
been  soae  concern  that  the  decane  present  in  the  planar  bilayers  (8)  sight 
alter  the  function  of  the  channels,  however,  the  properties  of  the  channels 
are  reaarkably  similar  to  those  of  noraal  and  BTX-activated  sodiua  channels 
in  intact  cells  (4,6,9-12)  including  single  channel  parameters  (10-12) 
studied  by  the  patch  clasp  technique  (13).  Recently,  this  conclusion  was 
supported  by  the  demonstration  that  nonane  and  decane  do  not  affect  sodiua 
channels  in  squid  axons  (14).  By  taking  advantage  of  the  fact  that  in  the 
presence  of  BTX,  the  channels  are  nearly  always  open  at  aeabrane  potentials 
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of  ;60  aV,  we  demonstrated  stepwise,  unitary  currant  fluctuations  dua  to 
tha  blocking  and  unblocking  of  individual  aodlua  channels  by  STX  as 
shown  in  figure  2  of  ref.  7.  This  daaonatratad  for  tha  first  tiaa  that 
block  by  STX  la  all-or-none,  that  is,  a  channel  is  either  fully  open  or 
coaplataly  blocked  by  STX.  Another  interesting  result  that  is  described 
in  sore  detail  in  the  next  section  and  (15)  is  that  block  by  STX  is 
affected  by  the  neabrane  potential  with  depolarizing  potentials  reducing 
tha  potency  of  block  by  up  to  50-fold. 


The  results  obtsined  are  particularly  encouraging,  not  only  because 
they  provide  additional  detailed  inforaation  about  the  functional  proper¬ 
ties  of  sodiua  channels  and  about  STX  block,  but  also  because  they  suggest 
a  aethod  for  assaying  the  function  of  channels  that  have  been  raaoved  froa 
nerve  aeabranes  by  detergent  treataent  and  subjected  to  biocheaical  manipu¬ 
lations  and  purification.  Several  groups  have  purified  the  STX  binding  site 
froa  aaaaalian  nerve  and  auscle  aeabranes  (16,17)  and  have  also  reconsti¬ 
tuted  the  purified  binding  sites  in  phospholipid  vesicles  by  reaoving  the 
detergent.  These  reconstituted  binding  sites  exhibited  BTX  activated  22j|a 
fluxes  that  were  blocked  by  STX  (18,19).  This  aethod  lacks  control  over  the 
aeabrane  potential,  and  even  using  a  rapid  aixing  device  (20),  tlae  resolu¬ 
tion  is  Halted  to  about  50-100  a see.  Reconstitution  of  sodiua  channels  in 
planar  bilayer*  as  we  have  described,  provides  the  aeans  to  assay  function 
on  a  physiological  tlae  scale  with  control  over  the  aeabrane  potential. 
Research  is  under  way  in  Or.  Krueger's  lab,  with  support  froa  NIH,  to 
purify  STX  binding  sites  and  to  assay  function  of  these  purified  channels 
by  reconstitution  in  planar  bilayers. 


Technical  note:  The  traditional  voltage  convention  in  planar  bilayer 
publications  was  used  in  ref.  7  (i.e.,  the  reference  potential  was  that  of 
the  trans  aide) .  It  was  found  that  all  of  the  channels  incorporated  into 
the  bilayer  with  their  STX  blocking  sites  facing  the  els  side,  allowing  us 
to  define  cis  as  the  extracellular  side  with  respect  to  the  channels. 
Membrane  potentials  reported  in  ref.  7  are  therefore  opposite  to  the  norsal 
cellular  convention  (outside  at  reference  potential).  Data  reported  in  ref. 
15  are  given  in  the  normal  cellular  convention. 
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A  voltage-  a*4  time  dependent  conductiuace  for  todiua  lost  is 
reapoAtthfe  for  tW  fewer*  tio«  of  impulse*  la  most  serve  tad 
amede  cede1.  Ckaage;  la  the  torUaa  cotdsci— ct  are  prefaced 
hy  tW  oaeafaf  tad  doeutg  of  aaay  dberete  tna— i mhreae 
duMiaels  .  We  preeeat  here  the  irtf  repot  1  of  electrical  record- 
lags  (root  eof^afc-depeadeaf  todiaai  ditaaek  lacorporeted  uti  a 
plaatr  Hpid  Mayers.  la  Mayers  wtth  taaay  cheat  eel*, 
beUwchofoxia1  (BTX)  iadaced  t  steady-state  todhaat  carreat 
(hat  was  Mocfcei  by  sarHoxia4  (STX)  at  aaaoaiolar  ccacett trx- 
doaa.  A I  ebaaads  appeared  la  the  bilayer  with  their  STX 
blockiaf  dies  (adag  (be  side  of  reside  addition,  afiowiaf  os  to 
dedae  (bet  as  (be  extravUaiar  side.  Correal  Bactasdoas  dae 
(o  (be  opcaiag  tad  cWef  of  si«(ie  BTX-activsted  sodiaai 
chaaaeis  were  voltage  depeadeat  (aait  coadacUace,  30  pS  la 
0.3  M  NaO):  (be  cbaaaeb  dosed  at  lar^e  bypefpoiariziag 
pateadak.  Slower  fltetaadoas  of  tbe  mm  taspiitade.  dae  lo 
(be  bicciiag  rad  aablocbiag  of  iadiridaal  ebaaaeis,  were  seea 
after  additioa  of  STX.  Block  of  (be  sodia«  ebaaaeis  by  STX 
was  vottage-depeadeat,  wttb  bypery  jiaddag  poteatials  far  oar- 
lag  Moca.  Tbe  voltage  depeadtwS  gatiag,  look  selectivity  ead 
aearotoxia  seaeidvity  saggest  .aat  these  are  tbe  ebaaaeis  (bat 
aortaatiy  aaderbe  tbe  sodiaM  coadaetaace  ebaage  dsdag  tbe 
nerve  iaspaise. 

Pltnsr  bilsyers  were  formed  by  the  method  of  Mueller  et  a/.* 
across  a  0.25-0.5  mra  diameter  hole  in  a  polystyrene  partition 
separating  two  chambers,  both  normally  containing  0.5  M  NaO, 
10  mM  HEPES.  0.15  mM  CaCF  0.1  mM  MgCJ,.  0.05  mM 
EGTA,  pH  7.  The  membrane-forming  solution  contained 
33mgmr‘  phosphatidylethanolaminc  (bovine  brain;  Avanti 
Polar  Lipids)  and  13  mg  ml-1  phosphatidyberine  (bovine  brain; 
Avrnti)  in  decanc.  The  current  across  the  bilaycr  was  measured 
and  command  voltages  were  applied  to  the  Lathing  solutions 
via  a  pair  of  Ag/AgCl  electrodes  The  side  to  which  vesicles 
were  added  was  designated  the  cis  side;  the  opposite  ( rrans ) 


side  was  held  at  virtual  ground.  The  area-specific  resistance  of 
the  bilayer  before  addition  c  *  biological  material  was 
-10*  0  cm1;  the  cutoff  frequency  of  the  curTent-tn-voltage 
converter  was  -80  Hz.  All  experiments  were  performed  at 
ambient  temperature  (22-25  *C). 

Membrane  vesicles  were  prepared  frem  rat  brain  homo¬ 
genates  as  described  by  Krueger  el  at*.  Briefly,  fresh  rst  fore 
brains  were  homogenized  in  isotonic  sucrose,  using  a  cavitating 
tissue  disrupter.  Low-speed  (LOOCg)  and  intermediate-speed 
(10.000*)  pellets  were  discarded  and  the  high-speed 
(100,000g)  pellet  was  suspended  in  0.4  M  sucrose  and  stored 
at  -77  *C  for  up  to  6  months  before  use.  The  specific  activity 
of  'H-STX  binding  was  enriched  about  fivefold  in  th>s  fraction 
compared  with  the  crude  homogenate;  at  least  60%  of  the 
binding  rites  were  recovered  in  this  fraction.  We  have  success¬ 
fully  incorporated  sodium  channels  from  at  least  12  different 
membrane  preparations  obtained  by  this  method. 

Incorporation  of  sodium  channels  was  achieved  by  the 
fus.on'  method’"*.  Addition  of  membrane  vesides  to  the  as 
chamber,  with  0.6  mM  BTX  preoent  on  the  rraaa  side,  resulted 
in  stepwise  increases  in  conductance.  After  5-30  min,  the  c  *i- 
d'jctance  of  he  membrane  increased  by  30-1.000  pS.  Before 
addition  of  membrane  vesides.  the  amductance  was  10-  x0  pS. 
Both  BTX  snd  vesicles  were  required  to  produce  the  wonduct- 
ance  increase.  Figure  la  swows  the  current  ktra  a  planer 
bilayer  following  addition  of  membrane  vesides  (lO^gml1) 
as  described  above.  About  1 5  pA  flowed  across  the  membra*; 
at  ±30  mV:  a  steady-state,  voltage-iiedepenrient  sodium  con¬ 
ductance  is  not  surprising  because,  in  the  presence  of  BTX, 
sodium  chan  neb  in  nerve  close  only  when  the  membrane  is 
hyperpolarized  beyond  -90  mV  (refs  10,  11  and  see  below). 
Addition  of  0.3  *iM  STX  to  the  cis  side  resulted  in  almost  a 
complete  block  oi  the  membrane  conductance.  In  thb  experi¬ 
ment,  the  conductance  in  the  presence  of  STX  was  nearly 
identical  to  that  seen  before  incorporation  of  membrane 
vesides.  In  general,  the  number  of  chan  neb  incorporated  and 
the  rate  of  incorporation  are  dependent  on  the  concentration 
of  membrane  protein  added  to  the  as  side.  At  high  concentra¬ 
tions  (10  pig  ml"1)  several  chan  neb  usually  appear  in  the  bilayer 
within  5  min.  In  orcW  to  obtain  only  a  single  channel  or  very 
few  channeb,  very  low  protein  concentration*  (0.2  ml'1)  are 

used  and  longer  periods  <up  to  30  mid)  are  required.  Chnnneb 
can  usually  be  studied  for  at  least  30  min  after  incorporation; 
in  tone  cases  a  single  membrane  with  one  or  a  few  channeb 
hes  been  studied  for  2  h,  with  repeated  changes  in  ionic  condi¬ 
tions  by  perfusion  of  the  cis  chamber. 


n«.  i  a.  Block  of  conductance  hv  STX.  Rat  Main  membrane  vesicle*  were  incorporated  into  the  planar  bilayer  at  described  in  the  teal, 
wiih  0.5  M  NaCI  on  both  sides  and  0  h  j*M  BTX  on  the  tram  -.ide.  A*  the  ion  concentration*  on  both  sides  of  the  membrane  were  identical, 
tbe  reversal  i/eio-current)  potential  was  0  mV.  Before  (be  beginning  of  this  record,  the  conductance  had  increased  in  several  discrete  jumps 
lone  such  jump  car  be  teen  at  arrow  It  With  the  membrane  potential  held  at  ♦30  mV,  both  chambers  were  stirred  (beginning  at  arrow  2j 
and  0.3  i*M  STX  was  added  to  ib:  < rs  side  (arrow  3t.  Tl<  disturbance  just  before  STX  addition  was  due  lo  insertion  of  the  pipette  into  the 
cis  chsmher  The  current  record  was  filtered  dow  paw)  at  2  Hi.  h.  Do** -response  curve  for  »TX  block.  Same  conditions  as  in  a  except  that 
the  STX  civncent ration  on  the  cn  side  was  raised  in  increments  if:'*,  -  ♦30mVi.  In  this  case,  the  data  have  been  corrected  by  subtracting  a 
20-pA.  STX -inde pendent  current  *5  nM  STX  a*  and  nans  I.  The  curve  was  drawn  for  a  blocker  with  a  dissociation  constant  of  5  nM.  The 

bars  indicate  standard  errors 
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Figure  15  show*  the  effect  of  varying  concentrations  of  STX 
(cir)  on  the  conductance  of  the  bilayer.  Half-maximal  block  of 
the  conductance  occurred  at  abort  5nM  STX  (at  4- 30 mV), 
which  is  similar  to  the  K,  for  block  of  macroscopic  sodium 
currents  in  nerve  by  STX,,'“  and  to  the  K4  for  binding  of 
radiolabelled  STX*  .  Block  of  the  conductance  by  STX  was 
completely  reversed  by  perfusing  the  cis  chamber  with  toxin* 
free  solution.  Addition  of  up  to  t  \tM  STX  to  the  eons  side 
did  not  affect  Utc  membrane  conductance.  This  sidedness  of 
STX  block  indicates  that  the  channeb  were  incorporated  into 
the  bilayer  with  their  extracellular  tides  facing  cis. 

Figure  2a  shows  a  current  record  taken  after  exposure  of 
the  bilayer  to  membrane  vesicle*  in  the  presence  of  BTX,  and 
subsequent  block  by  0.3, 1.3  and  5  STX  (dr).  The  stepwise 
fluctuations  in  the  oresence  oi  STX  seemed  to  reflect  the  block* 
ing  and  unblocking  of  individual  sodium  channels,  because 
the  mean  duration  of  the  conducting  state  waa  substantially 
shortened  by  raising  the  CTX  concentration  on  the  cis  side. 
Measurement  of  the  mean  times  in  the  zero*  and  one* 
channel  conductance  levels  at  4-30  mV,  indicated  that  the 
off -rate  and  on-rate  constants  for  STX  block  were  0.03  s* 1  and 
t.l  x  lO’t*1  M*\  respectively,  implying  a  dissociation  constant 
of  4.3  nM  (compare  wi«h  Fig.  15).  In  many  experiments,  with 
very  few  channeb  incorporated,  discrete,  stepwise  conductance 


fluctuations  of  similar  magnitude  were  abo  observed  in  the 
absence  of  STX.  Examples  of  these  single -channel  fluctuations 
can  be  seen  in  Figs  2a.  b  and  3  (insets). 

The  unexpected  observation  that  block  of  BTX-activsted 
sodium  channeb  by  STX  waa  voltage  dependent  is  shown  in 
Fig.  25.  After  addition  of  0.32  fiM  STX  to  the  cis  side  of  a 
membrane  contair  ng  seven  sodium  channeb,  the  channeb 
remained  conducting  about  3%  of  the  time  at  -30  mV  but  only 
l  :•  of  the  time  at  4-30  raV.  There  was  an  even  more  dramatic 
difference  between  the  percentage  block  at  -60  mV  and  that 
at  4-60  mV  (see  Fig.  2  legend).  Thus,  voltages  that  would 
enhance  entry  of  STX  (a  divalent  cation)  into  the  channel  favour 
block.  Although  block  of  cardiac  sodium  channeb  by  TTX  has 
been  reported  to  be  voluge  dependent’*,  this  conclusion  has 
been  challenged  on  technical  grounds”  and  is  not  supported 
by  more  recent  **ohage-damp  studies1*’*.  Such  an  effect  has 
not  been  reported  »  neurones.  He  'ver,  because  of  the  long 
relaxation  times  for  STX  block  (r  -  » s  at  K*  »  5  nM;  (STX}  - 
100  nM).  the  magnitude  of  the  peak  sodium  current  during  a 
single  yottagc-ciMp  pube  reflects  the  degree  of  block  at  the 
preceding  holding  potential  rather  than  at  the  pube  potential. 
Even  the  complex  pube  protocob  required  to  test  for  steady- 
state  voyage-dependent  STX  block  of  sodium  channeb  without 
BTX  treatment  ,  can  be  used  to  explore  only  a  limited  voltage 


Pit.  2  m.  Single  sodium  channel 
current  fluctuations  induced  by  STX. 
Sodium  channeb  were  incorporated 
into  the  btiayer  a»  described  in  Fig. 
I  legend.  Top:  control  trace  at 
-60  mV.  Lower  traces:  tame  esem- 
braoe  at -60  mV  following  addition 
of  9.3  uM.  1.3  nM  and  3  uM  STX 
*  to  the  cu  tide.  The  arrow*  indicate 

(he  zero-current  level  for  each 
record.  The  current  records  were 
filtered  (low-pern)  at  20  Hi  on  play¬ 
back.  5,  Voltage  dependence  of  STX 
Mock  Same  membrane aa inn  above 
before  (lop)  and  after  (bottom)  addi¬ 
tion  of  0.32  nM  STX  to  the  cir  side 
(voltages  shown  at  bottom  refer  to 
both  traces).  BTX  (0.6  pM)  wet 
present  on  the  trams  side.  The  cur¬ 
rent  records  were  filtered  at  20  Hi 
on  playback.  The  fraction  ut  chan¬ 
nels  that  remained  conducting  at 
various  porcniiab  is  given  bekw*- 
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♦60  mV 

0.7 

♦  30  mV 

1.2 

-30  mV 

5.3 

-60  mV 

22.6 

*  nM  STX 
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range.  Our  ability  to  examine  the  Heady-state  voltage  depen¬ 
dence  of  STX  Mock  over  a  wide  range  of  potentials  11  a  con¬ 
sequence  of  the  inhibition  of  sodium  chanm.1  inactivation  hy 
HTX.  Wc  cannot  exclude  the  possibility  that  the  high  sodium 
concentration  or  channel  modification  by  BTX  are  necessary 
for  the  STX  action  to  be  voltage  dependent. 

Figure  3  illustrates  the  selectivity  of  single  BTX-activatcd 
channels,  fn  this  experiment,  the  cis  chamber  was  perfused 
with  a  vesicle-free  solution  containing  0.1  M  NaG.  0  4  M  KC1. 
The  rrans  chamber  contained  0.5  M  NaG  and  0.6  uM  BTX. 
The  reversal  potential  for  the  single -channel  currents  in  this 
experiment  was  about  +36  mV  (£*,  *  41  mV)  which  implies  a 
permeability  ntk>  Pn/Ps,  of  0.06  (mean  of  0.07 ±0.02  (s.e.) 
in  three  experiments!.  In  *5  similar  experiment  using  CsG 
instead  of  KG,  we  were  unable  to  detect  any  permeability  to 
Cs  (that  is,  the  zero-current  potential  approximated  £«.).  The 
ratio  is  lower  than  that  obtained  for  BTX-modified 
channels  in  the  node  of  Ranvier"’  and  in  neuroblastoma  cells 
in  culture"’’' and  is  comparable  with  a  £*/£*.  of  about  0.08 
for  unmodified  channels  in  the  node  of  Ranvier1" JJ.  In  general, 
permeability  ratios  depend  on  the  ionic  composition  of  the 
bathing  solutions-  '  :\  and  can  even  differ  significantly  between 
two  related  cell  lines 

The  single -channel  current  fluctuations  in  symmetrical  0.5  M 
NaG  (Fig.  3,  open  circles)  revealed  a  unit  conductance  of  about 
30  pS.  This  value  is  consistent  with  the  reported  value  of  about 
15-18  pS  using  the  patch-clamp  technique* (but  see  ref.  26), 
considering  the  much  higher  sodium  concentration  used  in  our 
experiments  and  assuming  a  saturating  conductance-activity 
relationship4’7.  The  single-channel  conductance  with  0.1  M 
NaG  and  0.4  M  KG  on  the  rii  sade  and  0.5  M  NaG  on  the 
irons  side  (Fig.  3.  cloaed  circles)  was  23  pS.  which  was  somewhat 
lower  than  in  symmetrical  0.5  M  NaG  solutions. 

Figure  4  illustrates  the  voltage  dependence  of  a  single  BTX- 
activated  sodium  channel  incorporated  into  a  planar  bilayer. 
At  potentials  less  than  +70  mV.  the  sodium  channel  was  open 
>99%  of  the  time;  at  more  positive  potentials,  the  channel 
began  to  dose  foe  brief  intervals,  many  of  which  were  too  short 
to  be  fully  resolved  by  our  amplifier.  At  very  lr:ge  potentials 
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Fig,  4  Voltage  dependence  of  BTX-*ciivited  channels.  A  single 
sodium  channel  wax  incorporated  in  the  ptanar  Mayer  at  described 
above.  Record*  are  shown  at  +70.  +80,  +90  and  +100  mV  (cu- 
rra*i )  at  indicated.  C  and  ‘O’  indicate  the  doted-  and  open-state 
current  levels,  respectively.  The  zero-current  level  for  each  record 
was  -0.3-0. 5  pA  below  the  doted -«utc  level.  Record*  were 
filtered  at  60  Hz  on  playback.  BTX  (0.6  4MI  wtj  present  on  the 
tram  tide.  Similar  result*  were  obtained  in  three  experiments 
using  single-channel  btlayer*  from  two  different  membrane 
preparations. 
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n«.  y  Current -voltage  relationships  for  single  sodium  chin  neb 
Open  circles  show  the  single-channel  current*  in  symmetrical 
0.5  M  NaCl.  Closed  circles  show  the  single -channel  currents  with 
0.5  M  NaCl  irrunrl  and  OIM  NaCI.  0.4  M  KG  ten:  BTX 
(0.6  iiMlwas  present  on  the  tram  side.  The  lines  are  least -squares 
fits  to  the  data  points  giv  mg  single-channel  conductances  of  23  pS 
1  closed  circles  1  and  79  pS  topen  circles ».  The  insets  show  rep¬ 
resentative  current  records  taken  at  -40.11.  +40  and  +60  mV  for 
0.5  M  NaCl  1  Irani  1  and  O  J  \f  NaCl.  11.4  M  KCI  icoi  Current 
records  in  insets  were  tillered  1  low -pass t  at  to  ||/ 


the  channel  was  doted  almost  all  the  time.  The  midpoint  of 
the  conductance-voltage  cunre  was  about  +95  mV.  As  the 
sodium  channels  were  oriented  in  the  bilayer  with  their  extracel¬ 
lular  sides  (STX-blocking  sites)  facing  cis,  positive  potentials 
across  the  bilayer  corresponded  to  (cell  interior)  negative  poten¬ 
tials  in  situ. 

The  specific  block  of  the  conductance  by  STX  at  nanomolar 
concentrations,  the  activation  of  the  channels  by  BTX,  the 
selectivity  of  the  channels  for  sodium  over  potassium,  and  the 
voltage  dependence  together  with  the  unit  conductance,  indi¬ 
cate  that  these  channels  are  the  well  studied  sodium  channels 
of  excitable  cells.  As  the  planar  btlayer  system  allows  control 
of  the  solutions  on  both  sides  of  the  membrane  and  the  lipid 
composition  of  the  bilayer,  it  should  be  useful  for  biochemically 
modifying  specific  sites  on  the  channels  as  well  as  for  charac¬ 
terizing  purified  sodium  channels. 

Wc  thank  Marc  B.  Blaustein  and  Edouard  L.  Noisin  for 
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ticularly  thank  Drs  E.  Bamberg.  R.  (Y.ronado.  R.  l.atorrc. 
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Foundation  fellowship  (B.K.K. ).  and  by  contract  DAMD-  I7-C- 
2188  from  the  US  Armv  Research  and  Development  Command 
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D.  VOLTAGEiDEPENDENT  Bl,OCK  QF  SODIUIJ  CHANNELS  B* 


Summary.  Our  preliminary  finding,  reported  in  ref.  7,  that  the  potency 
of  block  of  sodium  channels  by  STX  varied  with  the  membrane  potential  was 
Investigated  in  detail  in  French  at  al.,  (1984)  (15).  All  axperi- 
aente  were  conducted  on  bl layers  containing  only  one  or  a  few  sodiua 
channels.  The  voltage  dependence  of  STX  block  was  evaluated  from  steady 
state  measurements  of  the  fractional  block  as  a  function  of  STX  concentra¬ 
tion  over  a  range  of  aesbrane  potentials.  It  was  found  that  the  dissocia¬ 
tion  constant  (Kj)  for  STX  block  ranged  froa  about  1  nH  at  -60  mV  (near  the 
normal  resting  potenticl)  to  about  50  nH  at  +60  mV.  By  evaluating  the 
kinetic  parameters  of  unitary  single  channel  fluctuations  induced  by  STX, 
we  were  able  to  determine  that  depolarization  decreased  the  blocking  rate 
constant  and  increased  the  unblocking  rate  constant.  At  each  potential,  the 
Ki  derived  from  kinetic  parameters  agreed  well  with  the  Kj  obtained  froa 
steady  state  determinations.  We  have  subsequently  found  that  block  of 
sodiua  channels  by  TTX  is  also  voltage-dependent  and  that  the  steepness  of 
the  Ki  vs.  potential  relationship  is  about  the  same  as  for  STX. 

Voltage-depenaent  STX  block  was  entirely  unexpected.  Several  investi¬ 
gators  had  previously  considered  the  possibility  that  STX  or  TTX  block  was 
voltage-dependent  (7,21-23)  but  in  each  case  no  evidence  could  be  found  to 
demonstrate  such  an  effect  of  voltage  on  block.  One  report  (24)  suggested 
that  depolarization  of  heart  cells  increased  the  potency  of  TTX  block, 
however,  the  validity  of  the  experimental  methods  used  to  carry  out  those 
experiments  have  been  questioned  (25),  and  more  recent  studies  have  failed 
to  confira  that  finding  (26).  As  summarized  above,  our  results  demonstrate 
that  depolarization  reduces  the  potency  of  STX  block  at  least  under  the 
specific  experimental  conditions  used  in  our  experiments. 

A  voltage-dependent  process  suggests  that  one  or  more  electric  charges 
are  interacting  with  the  membrane  electric  field.  The  most  likely  candidate 
for  those  charges  is  the  STX  uolecule  itself  which  is  a  divalent  cation 
under  physiological  conditions.  One  possible  mechanism  is  that  the  binding 
site  for  STX  lies  inside  the  channel  at  a  location  within  the  membrane 
electric  field.  Thus  block  by  STX,  approaching  froa  the  outside,  would  be 
favored  by  negative-inside  (hyperpolarizing)  potentials,  making  the  potency 
of  block  greater  (27,28).  Our  results  are  consistent  with  this  model  except 
that  binding  of  STX  to  the  channels  should  be  voltage-dependent  under 
virtually  all  conditions;  binding  of  radiolabeled  STX  and  TTX  to  souium 
channels  has  been  shown  to  be  independent  of  membrane  potential  (7,21).  A 
second  possibility  is  that  STX  or  TTX  in  its  binding  site  can  be  influ¬ 
enced,  electrostatically,  by  another  cation  (e.g.,  Na*  or  C&+*)  residing  at 
another  site  within  the  channel,  even  if  the  STX  binding  site  were  not 
inside  the  membrane  field.  Occupancy  of  the  second  site  would  disfavor 
occupancy  of  the  STX  binding  site  by  repulsion  of  like  charges.  With  this 
model,  if  the  Na/Ca  binding  site  were  within  the  membrane  field,  the  vol¬ 
tage  dependence  of  STX  binding  would  arise  Indirectly  froa  the  voltage 
dependence  of  Na/Ca  binding.  In  the  renewal  proposal  for  this  contract,  we 
proposed  a  number  of  experiments  that  should  allow  us  to  determine  whether 
one  of  these  two  mechanisms  for  voltage  dependence  of  STX  block  is  correct. 
Another  question  for  investigations  is  whether  STX  block  is  voltage  depen¬ 
dent  only  in  BTX-activated  sodium  channels  or  whether  the  phenomenon  occurs 
in  normal  channels  as  well.  Experiments  were  proposed  to  anower  this  ques¬ 
tion  as  woll. 
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abstract  We  have  previously  studied  single,  voltage-dependent,  saxitoxin-(STX)  blockable  sodium  channels  from 
rat  brain  in  planar  lipid  bilayers,  and  found  that  channel  block  by  STX  was  voltage-dependent.  Here  we  describe  the 
effect  of  voltage  on  the  degree  of  block  and  on  the  kinetics  of  the  blocking  reaction.  From  their  voltage  dependence  and 
kinetics,  it  was  possible  to  distinguish  single-channel  current  fluctuations  due  to  blocking  and  unblocking  of  the  channels 
by  STX  from  those  caused  by  intrinsic  channel  gating.  The  use  of  batrachotoxin  (BTX)  to  inhibit  sodium-channel 
inactivation  allowed  recordings  of  stationary  fluctuations  over  extended  periods  of  time.  In  a  range  of  membrane 
potentials  where  the  channels  were  open  >98%  of  the  time,  STX  block  was  voltage-dependent,  provided  sufficient  time 
was  allowed  to  reach  a  steady  state.  Hyperpoiarizing  potentials  favored  block.  Both  association  (blocking)  and 
dissociation  (unblocking)  rate  constants  were  voltage-dependent.  The  equilibrium  dissociation  constants  computed  from 
the  association  and  dissociation  rate  constants  for  STX  block  were  about  the  same  as  those  determined  from  the 
steady-state  fractional  reduction  in  current.  The  steepness  of  the  voltage  dependence  was  consistent  with  the  divalent 
toxin  sensing  30-40%  of  the  transmembrane  potential. 


INTRODUCTION 

Recently,  we  reported  that  single  sodium  channels  from  rat 
brain  could  be  incorporated  into  planar  lipid  bilayers 
(Krueger  et  al.,  1983).  In  the  presence  of  the  neurotoxin 
batrachotoxin  (BTX),  unitary  current  fluctuations  result¬ 
ing  from  the  opening  and  closing  of  individual  channels 
were  observed.  The  reconstituted  sodium  channels,  closed 
at  hyperpoiarizing  potentials,  were  selective  for  sodium 
over  potassium  or  cesium,  and  were  blocked  by  nanomolar 
concentrations  of  STX.  In  that  study  we  found  that  block 
of  sodium  channels  by  STX  was  voltage-dependent,  with 
hyperpoiarizing  potentials  favoring  block.  Here  we  present 
a  more  detailed  analysis  of  this  voltage  dependence. 

An  accurate  description  of  the  effect  of  voltage  on  the 
toxin-induced  block  is  an  essential  step  toward  understand¬ 
ing  the  molecular  detaiL  of  the  toxin’s  action.  The  voltage 
dependence  could  be  due  to  the  passage  of  the  divalent 
toxin  through  part  of  the  transmembrane  voltage  as  it 
approaches  or  leaves  its  binding  site.  Although  our  data  are 
consistent  with  this  simple  picture,  the  actual  physical 
basis  of  the  voltage  dependence  could  be  more  complex. 
For  example,  an  obligatory  voltage-dependent  reaction, 
such  as  a  gating  transition  or  the  vacating  of  a  nearby  ionic 
binding  site,  could  be  associated  with  toxin  binding.  Evalu¬ 
ation  of  the  voltage  dependence  under  a  variety  of  condi¬ 
tions  will  be  needed  to  choose  among  the  different  alterna¬ 
tives.  These  data  should  permit  determination  of  the 


position,  within  the  transmembrane  field,  of  the  toxin 
binding  site,  or  identification  of  the  nature  of  an  associated 
voltage-dependent  reaction. 

Because  sodium  channels  normally  inactivate  within  a 
few  milliseconds  after  opening,  peak  sodium  currents 
during  depolarizing  steps  from  hyperpoiarized  holding 
potentials  are  normally  used  to  determine  channel  avail¬ 
ability  for  conduction.  Voltage-dependent  block  by  TTX  or 
STX  would  be  missed  if  such  a  voltage-clamp  method  were 
used  to  study  the  degree  of  block.  Because  of  the  slow 
association  and  dissociation  rates  for  STX  and  TTX 
binding,  a  relaxation  time  of  several  seconds,  at  nanomolar 
concentrations,  is  expected  for  a  new  steady-state  block  to 
be  reached.  Thus,  the  decrease  in  peak  sodium  current 
during  a  single  test  pulse  indicates  the  degree  of  block  at 
the  holding  potential,  because  the  block  cannot  re¬ 
equilibrate  within  the  duration  of  the  test  pulse.  The  use  of 
BTX,  which  inhibits  sodium  channel  inactivation  (Albu¬ 
querque  et  al„  1976;  Khodorov,  1978;  Huang  et  al.,  1982), 
has  allowed  us  to  study  the  voltage  dependence  of  block  by 
STX  in  the  steady  state. 

MATERIALS  AND  METHODS 

Planar  Bilaye.  Formation 

Planar  bilayers  were  formed  by  the  technique  of  Mueller  et  al.  (1963) 
acrot*  a  hole  (0.25  mm  diam)  in  a  polystyrene  partition  separating 
solutions  containing  0.5  M  NaCl.O.IS  mM  C»CIH0.1  mM  MgCI,.  0.05 
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mM  EGTA.  10  mM  Na-HEPES,  pH  7.0.  The  membrane-forming 
solution  contained  33  mg/ml  phosphatidylethanolamine  (bovine  brain) 
and  13  mg/ml  phosphatidylserine  (bovine  brain)  in  decane.  The  phospho¬ 
lipids  were  obtained  from  Avanti  Polar  Lipids  (Birmingham,  A L);  decane 
was  repurificd  before  use  ty  passage  over  neutral  alumina.  Saxitoxin 
(paralytic  shellfish  poison  standard)  was  obtained  from  the  Food  and 
Drug  Administration  (Cincinnati,  OH);  BTX  was  a  gift  from  Dr.  John 
Daly  (NIAMDD,  Bethesda,  MD) 

Preparation  of  Membrane  Vesicles 

Membrane  vesicles  were  prepared  from  rat  brain  as  described  by  Krueger 
et  al.  (1979).  Briefly,  rat  forebrains  were  homogenized  in  isotonic  sucrose 
using  a  cavitating  tissue  disrupter  (Uitraturrax,  Tckmar  Co..  Cincinnati. 
OH)  and  the  homogenate  was  subjected  to  differential  centrifugation. 
The  1,000  g  and  the  10,000  g  pellets  were  discarded  and  the  100,000  g 
pellet  (P,)  was  resuspended  in  0.4  M  sucrose  at  10-20  mg  protein/ml. 
Aliquots  of  P,  were  storeu  at  -77*  for  up  to  si*  months  without  loss  of 
activity.  This  fraction  was  enriched  about  fivefold  in  ’H-STX  binding 
sites  as  compared  to  the  crude  brain  homogenate  (Krueger  et  al.,  1979). 

Incorporation  of  Sodium  Channels 

Incorporation  of  sodium  channels  was  accomplished  using  the  “fusion" 
technique  (Miller,  1978;  Cohen  et  al.  1980;  1982).  The  membrane  vesicle 
suspension  (10(3-500  ng/ml  protein)  was  added  to  the  cis  side  of  a 
preformed  planar  bilayer  and  BTX  (600  nM)  was  added  to  the  irons  side. 
The  conductance  of  the  membrane  increased  in  steps,  each  reflecting  the 
incorporation  of  one  to  several  single  sodium  channels  (Krueger  et  al., 
1983).  Following  incorporation  of  the  desired  number  of  channels  (nor¬ 
mally  one  to  five),  the  cis  side  was  perfused  with  vesicle- free  solution. 
STX  was  added  to  the  cis  side  from  a  1,000-fold  concentrated  stock 
solution. 

Data  Acquisition  and  Analysis 

The  current  across  the  bilayer  was  measured  and  command  voltages 
applied  to  the  bathing  solutions  via  a  pair  of  Ag/AgCi  electrodes.  The 
side  to  which  brain  membrane  vesicles  were  added  was  designated  the  cis 
side;  the  opposite  (nans)  side  was  held  at  virtual  ground.  Prior  to  addition 
of  biological  material,  the  conductance  of  the  bilayer  was  <20  pS  (— 10'* 
S/cm1)  and  the  capacitance  was  -0.5  uF/cm1.  Two  current-to-voltage 
converters  were  used  in  these  studies,  one  having  a  bandwith  of  -80  Hz 
and  the  other  -500  Hz.  Similar  results  for  the  steady-state  voltage 
dependence  of  gating  of  BTX-activatcd  sodium  channels,  in  the  absence 
of  STX,  were  obtained  with  each  of  these  converters.  The  faster  amplifier 
was  built  using  an  LF1 57H  operational  amplifier  (National  Semiconduc¬ 
tor,  Santa  Clara,  CA).  and  a  I  O’  ( ±  I  %)  12  feedback  resistor  (Eltec  model 
1 02).  Data  were  recorded  oontinously  using  an  FM  tape  recorder  (Vetter, 
model  B)  during  an  experiment,  at  or  near  the  bandwidth  of  the 
current-to-voltage  converter.  Subsequently,  the  data  were  digitized  in 
4,096  point-segments  at  I,  2  or  5  ms  per  point  using  a  Nicolet  209O-3A 
digital  oscilloscope,  and  the  digitized  records  were  stored  on  floppy  disks. 
Data  transcription  and  analysis  were  controlled  by  a  microcomputer 
(Micro  II,  Plessey  Peripheral  Systems,  Irvine,  CA)  based  on  an  LSI-tl/2 
processor  (Digital  Equipment  Corporation,  Maynard,  MA).  Software  for 
data  handling  and  analysis  was  developed  using  the  interpretive  language 
of  DAOS  (Data  Analysis  Operating  System,  Laboratory  Software  Asso¬ 
ciates,  Melbourne,  Australia). 

For  analysis  of  STX-induced  current  fluctuations,  the  records  were 
filtered  (low-pass)  with  a  comer  frequency  of  30  Hz  using  an  eight-pole 
Bessel  filter  (902  LPF  IB,  Frequency  Devices,  Haverhill,  MA).  This 
eliminated  most  of  the  brief  closing  fluctuations  caused  by  the  voltage- 
dependent  channel  gating  process,  leaving  visible  the  longer  events  which 
were  primarily  due  to  STX  block  and  unblock.  Even  at  a  bandwidth  of 
500  Hz,  many  of  the  visible  transitions  resulting  from  the  voltage- 
dependent  channel  gating  were  incompletely  resolved.  We  have  not 
attempted  a  dweli-timc  analysis  of  these  fluctuations. 


All  records  were  visually  monitored  on  a  CRT  display  during  analysis. 
Limiting  current  levels  used  indete'miningthe  fractional  open  times,  and 
discriminator  levels  for  the  dwcll-time  analyses,  were  checked  against  a 
whole  group  of  records  before  carrying  out  the  analysis.  If  necessary,  the 
selected  values  were  changed  to  accommodate  small  shifts  in  the  baseline 
within  a  series  of  records.  Also,  all  analyses  were  oriented  toward  the 
interval,  usually  the  whole  record,  demarcated  by  two  vertical  cursors. 
When  necessary,  we  excluded  from  the  analysis  abnormally  noisy 
segments  of  records — for  example,  occasional  periods  of  high  frequency, 
nonquantal  fluctuations  possibly  caused  by  partial,  reversible,  breakdown 
of  the  membrane. 

Fractional  open  times,  resulting  from  voltage-dependent  channel  gat¬ 
ing  and  from  STX  block  of  the  channels,  were  determined  independent  of 
the  dwell-time  analysis.  The  background  leakage  current,  iL,  across  the 
membrane,  with  all  incorporated  channels  closed  or  blocked,  was  deter¬ 
mined  either  by  selling  a  horizontal  cursor  at  the  low  conductance  edge  of 
the  envelope  of  these  fluctuation,  or  by  averaging  cursor-selected,  long, 
well-defined  events  during  which  no  channels  were  conducting.  The 
maximum  current,  i „„  (all  channels  conducting)  was  determined  in  an 
analogous  manner.  The  average  current,  (i),  over  a  long  stretch  of 
record  (averaging  -20  s  for  gating,  or  -170s  when  studying  STX-block) 
was  determined.  The  fractional  open  time,  /„  is  then  given  by 

/.-«<  )  -«l)/0~,-«l)  (1) 

and  the  fractional  closed  or  fractional  blocked  time  is  (I  -  /  J. 

Dwell-time  distributions  were  determined,  one  conductance  level  at  a 
lime,  by  scanning  records  for  periods  when  the  current  fell  in  a  target  zone 
between  two  discriminator  levels.  These  discriminator  levels  were  cen¬ 
tered  between  the  conductance  level  of  interest  and  the  adjacent  ones  on 
either  side.  The  program  was  based  on  a  digital  triggering  routine  which 
recognized  positive  or  negative  slope  transitions  into  or  out  of  the  target 
zone.  Dwell  times  were  scored  cs  a  density  function  that  recorded  the 
number  of  occurrences  at  each  possible  dwell  time.  After  scanning  a 
complete  set  of  records,  cummulative  distribution  functions  were  calcu¬ 
lated  (sec  Fig.  7)  to  display  the  tout  number  of  events  lasting  at  least  as 
long  as  any  given  time,  r.  If  a  conductance  level  corresponds  to  a  single, 
lime-homogeneous,  Markovian  kinetic  state  (eg.,  Colquhoun  and 
Hawkes,  1981;  French  and  Horn,  1983),  these  distributions  should  be  a 
single  exponential  with  a  mean  value  equal  to  the  time  constant  for  decay 
of  the  exponential.  In  fact,  for  19  calculated  distributions,  based  on  an 
average  of  1 26  events  each,  the  time  constants,  r,  were  linearly  dependent 
on  the  mean  dwell  times,  (l)  (correlation  coefficient,  r  -  0.97)  with  a 
slope  of  1 .3.  Thus,  the  distributions  were  approximately,  but  not  perfectly, 
exponential,  with  more  short  events  than  expected.  These  additional 
events  may  have  been  due  to  the  transient,  partial  breakdown  of  the 
membrane  already  mentioned,  or  to  tome  infrequently  occupied,  poorly 
resolved,  and  short-lived  kinetic  state.  We  cannot  choose  between  these 
alternatives.  In  the  Results  and  Discussion  sections  that  follow,  we  define 
the  characteristic  dwell-time  constant,  r,  for  a  distribution  as  the  value 
obtained  by  a  linear  least-squares  fit  of  the  cumulative  distribution  to  the 
function 

In  /V(i )  -  In  Nj  -  t/r  (2) 

where  N(i)  is  the  number  of  events  with  a  lifetime  of  at  least  /,  and  JVT  is 
the  total  number  of  observations.  The  fils  were  performed  over  the  decline 
of  the  distributions  from  (VT  to  a  value  of  -0.05  Nj.  (For  each  of  the  19 
log-transformed  cumulative  distributions,  r  >  0.97.) 

Voltage  Convention 

In  this  paper  we  have  expressed  all  voltages  in  the  normal  cellular 
physiological  convention  (inside  minus  outside)  on  the  assumption  that 
STX  acts  only  from  the  extracellular  side.  This  is  the  reverse  of  the 
convention,  Em  -  E(cis )  -  E(irans),  used  in  a  mimierof  planar  bilayer 
publications  and  by  Krueger  et  al.  (1983). 
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Reconstitution 


RESULTS 

Single-Channel  Current  Fluctuations  Due 
to  Gating  and  Due  to  STX  Block 

Fig.  1  illustrates  the  two  temporally  distinct  populations  of 
current  fluctuations  through  sodium  channels  in  bibyers 
when  both  BTX  and  STX  are  present.  The  first  of  these 
consists  of  brief  closing  events  that  generally  last  for 
periods  of  a  few  tens  of  milliseconds  or  less,  and  appears  to 
include  many  events  that  are  too  brief  to  be  completely 
resolved  at  the  bandwidth  of  our  recordings  (cf.  Quandt 
and  Narahashi,  1982).  When  viewed  at  sufficiently  high 
resolution,  many  other  fluctuations  are  seen  as  roughly 
square  current  steps,  which  consistently  correspond  to  a 
unit  conductance  of  -30  pS  in  500  mM  NaCI  (see  Fig.  3). 
This  population  of  brief  closures,  from  a  well-defined 
“open”  current  level,  can  be  seen  in  both  the  absence  and 
the  presence  of  STX  (sec  upper  and  lower  records  in  Fig. 
1).  We  presume  that  these  relatively  rapid  fluctuations  are 
due  to  the  voltage-dependent  gating  of  the  BTX -activated 
sodium  channels.  The  steady-state  voltage  dependence  will 
be  discussed  in  more  detail  below.  Observations  on  numer¬ 
ous  preparations  appear  to  show  a  slight  but  systematic 
variation  in  the  kinetics  of  the  fluctuations  when  the 
voltage  was  changed  from  -60  mV  to  +60  mV.  At 
positive  potentials,  closings  were  slightly  less  frequent,  but 
tended  to  be  somewhat  longer  in  duration.  However,  ever 
this  entire  range,  the  channels  remained  open  almost  all 
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+90  mV  O  mV  -90  mV 


Figure  I  Current  fluctuations  from  a  membrane  containing  two  BTX  - 
activated  sodium  channels.  A  downward  deflection  in  the  current  record 
represents  an  inward  (cix  to  Irani)  current  across  the  bilayer.  Zero 
current  levels  are  shown  by  the  arrows.  Top  trace,  control  record.  The 
channels  remained  open  almost  all  of  the  time,  with  brief  dosings  towards 
the  zero-current  level.  These  dosings  were  presumably  due  to  the 
voltage-dependent  gating  of  the  channels.  The  +60  mV  segment  was 
actually  recorded  after  the  -60  mV  segment,  but  is  shown  here  preceding 
the  -  60  mV  segment  to  facilitate  comparison  with  the  lower  record  taken 
in  the  presence  of  STX.  Capadty  transients  are  limited  by  the  range  of 
the  pen  sweep.  Lower  trace:  record  taken  after  addition  of  I  nM  STX  to 
the  cis  side.  The  long  closing  steps,  including  an  extended  period  during 
which  neither  channel  was  conducting,  were  most  likely  due  to  block  of 
individual  channels  resulting  from  the  binding  of  STX.  Records  were 
filtered  (low  pass)  at  60  Hz  on  playback. 


(>98%)  of  the  time.  This  point  will  become  important  in 
our  analysis  of  the  voltage  dependence  of  STX  block. 

Examining  the  lower  section  of  Fig.  I.  it  is  immediately 
obvious  that  a  number  of  “closing”  events  of  much  longer 
duration  appear  after  addition  of  STX.  In  fact,  “closing”  of 
the  channels  becomes  much  more  probable  and,  at  -60 
mV,  there  are  several  intervals  during  which  neither 
channel  is  in  the  conducting  state.  These  long  periods 
during  which  one  or  both  channels  are  “dosed”  occur  only 
in  the  presence  of  STX,  and  hence  it  is  reasonable  to 
conclude  that  they  are  caused  by  STX  block  of  the 
channels  rather  than  by  closing  of  the  channel  gates.  This 
conclusion  is  also  supported  by  the  observation  that  the 
probability  of  entering  one  of  these  long-lived  “closed” 
states  increases  proportionately  as  the  STX  concentration 
is  increased  (Krueger  et  al.,  1983,  and  see  below). 

Fig.  1  illustrates  two  further  points.  At  +60  mV,  with  1 
nM  STX  present,  no  particularly  long-lived  “closing”  step 
occurs.  Immediately  after  the  voltage  change  to  -60  mV, 
~30  s  follow  in  which  there  is  still  no  extended  “closure.  ” 
Both  channels  remain  open  for  most  of  this  time.  At  longer 
times,  however,  there  are  continuous  stochastic  current 
fluctuations  including  periods  during  which  both,  one,  or 
neither  channel  is  blocked.1  (Only  the  0-channel  and 
1 -channel  levels  are  shown  after  the  initial  blocking  event 
in  Fig.  I,  lower  trace.)  Thus,  the  lower  record  in  Fig.  1 
hints  at  two  condusions:  that  negative  voltages  favor  block 
by  STX,  and  that  it  takes  many  seconds  to  establish  a  new 
stationary-state  following  a  step  in  voltage  at  this  STX 
concentration. 

Dependence  of  the  Open  and  Blocked  Dwell 

Times  on  STX  Concentration 

If  we  are  to  establish  that  the  slower  population  of  fluctua¬ 
tions,  just  described,  are  caused  by  STX  binding  to  and 
dissociating  from  the  channels,  two  criteria  should  be  met. 
First,  the  lifetime  of  the  blocked  state  should  depend  only 
on  the  intrinsic  rate  of  dissociation  of  the  blocker  from  the 
channel,  and  hence  should  be  independent  of  STX  concen¬ 
tration.  Second,  for  any  given  channel,  the  lifetime  of  the 
open  state  will  depend  on  the  rate  of  binding  of  the  toxin, 
which,  for  a  1:1  stoichiometry,  would  be  directly  propor¬ 
tional  to  the  STX  concentration.  This  prediction  may  be 
generalized  to  apply  to  a  membrane  containing  several 
channels  using  the  birth-death  analysis  applied  by  Labarca 
et  al.,  (1980).  With  the  additional  assumption  that  chan¬ 
nels  present  in  the  membrane  are  blocked  independently  of 


'In  Fig.  I  (bottom  (race)  the  lime  spent  at  the  two-channel  level  (neither 
channel  blocked)  prior  to  the  tong  "closure"  after  changing  to  -60  mV  is 
about  equal  to  the  mean  dwelt  time  '28  s)  predicted  by  the  rate  constant 
for  STX  block  determined  later  in  the  paper.  The  calculated  probability 
that  both  channels  would  remain  unblocked  for  at  least  30  s  following  the 
voltage  step  to  -60  mV  it  p  -  0.34. 
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one  another,  one  predicts  the  following  relations 

I  A„-«X  (3) 

where  r0  represents  the  characteristic  dwell-time  constant 
from  the  distribution  of  “zero-channel-open"  dwell  times, 
n  is  the  number  of  channels  in  the  membrane  (n  -  7  for  the 
experiment  that  was  analyzed  in  detail  for  this  paper),  and 
A  is  the  rate  of  dissociation  of  STX  from  a  single  channel 
(in  s  ').  In  addition, 

l/rk  -  (it  —  *)X  +  *#?[STX],  (4) 

Here,  rk  is  the  characteristic  dwell  time  in  the  current  or 
conductance  level  for  which  k  channels  are  open,  and  #  is 
the  rate  constant,  in  M'1  s'1,  for  binding  of  STX  to  the 
channel.  For  the  one-channel  level,  as  one  approaches 
conditions  under  which  all  channels  are  blocked,  1/r, 
approaches  f)[STX]. 

In  Fig.  2,  we  plot  the  characteristic  reciprocal  dwell 
times  against  [STX]  at  +58  mV,  for  the  zero-  and 
one-channel  levels.  The  value  of  1/r,  increases  linearly 
with  [STX]  (slope  -  1.1  x  106  M"'  s'1),  while  on  the  same 
scale,  1  / t0  is  essentially  independent  of  STX  concentration 
(r  -  -0.28).  The  zero  intercepts  of  the  regression  lines  do 
not  differ  significantly  from  the  predictions  of  Eqs.  3  and  4, 
given  the  scatter  in  the  data.  Thus,  the  fluctuation  kinetics 
are  consistent  with  the  commonly  accepted  1:1  stoichiome¬ 
try  for  STX  binding  to  the  channels. 
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0  1  2  3  4  5 

STX  CONCENTRATION  IfM 


Figure  2  Dependence  of  the  reciprocal  dwell  times  on  the  STX 
concentration.  Dwell  times  at  each  concentration  were  estimated  as 
described  in  Materials  and  Methods.  The  reciprocal  dwell  time  in  level  0 
(no  channels  open)  is  determined  by  the  rate  of  STX  unbinding  from  the 
channel,  and  is  independent  of  STX  concentration.  The  reciprocal  dwell 
time  in  level  I  (one  channel  conducting)  is  primarily  determined  by  the 
rate  of  STX  binding,  and  is  linearly  dependent  on  STX  concentration. 
Lines  shown  are  linear  least-square  fits  to  the  data.  For  level  I,  slope  -  l.l 
x  10*  M '  V  and  the  correlation  coefficient,  r  -  0.93.  For  level  0,  r  - 
-0.28.  E  -  +58  mV. 


Voltage-dependence  of  Gating  of 
BTX-activated  Sodium  Channels 

The  data  presented  in  Figs.  3  and  4  show  how  a  channel’s 
intrinsic,  voltage-dependent  gating  determines  the  proba¬ 
bility  that  a  channel  will  be  found  in  the  open  state.  In  the 
sample  current  records  at  -70  mV  (Fig.  3,  right), 
presented  on  a  time  scale  expanded  about  20-fold  with 
respect  to  those  of  Fig.  1,  one  can  see  only  a  few  closing 
fluctuations  in  the  current  record.  Although  at  -70  mV 
most  are  too  brief  to  be  completely  resolved,  many  more 
closing  fluctuations  are  visible  as  the  voltage  is  further 
hyperpolarized  to  -80  mV,  and  at  -90  mV  the  channel 
flickers  rapidly  between  open  and  closed  states,  spending 
an  almost  equal  fraction  of  the  time  in  each.  At  - 100  mV 
the  channel  is  closed  -3/4  of  the  time.  A  parallel  illustra¬ 
tion  of  this  voltage-dependence  appears  in  the  frequency- 
amplitude  histograms,  in  which  the  number  of  data  points 
at  each  conductance  level  is  plotted  against  conductance. 

In  Fig.  4,  we  have  defined  the  operational  range  and 
steepness  of  this  voltage-dependence  by  fitting  the  frac¬ 
tional  open  time,  f„  to  a  Boltzmann  function  of  the 
voltage,  E: 

/.-!/(!+  cxp(qF[E  -  E0.S)/RT)}.  (5) 

The  precise  values  taken  by  this  function  are  determined 
by  the  parameters  <7,  the  apparent  gating  charge,  and  E0}, 
the  voltage  at  which  /„  -  0.5.  The  value  of  q  determines 
the  slope  of  the  curve  and  £o  s  is  the  midpoint  of  the  range 
of  voltages  over  which  /„  changes.  Actual  values  of  these 
parameters  were  obtained  by  a  linear  least-squares  fit  to 
the  following  function  derived  by  rearranging  Eq.  5. 

In([l  -  /.]//.)  -  qF(E  -  Eoi)/RT.  ,o) 
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Figure  3  Voltage  dependence  of  gating  of  a  single,  BTX-activated 
sodium  channel.  Histograms  of  frequency  of  occurrence  vs.  conductance 
( left ),  and  sample  digitized  records  (right)  are  shown.  A  downward 
deflection  in  the  current  record  represents  an  in»  ,—d  (cis  to  trans)  current 
across  the  bilayer.  The  arrow  on  the  right  side  ot  each  current  record 
indicates  the  zero-current  level.  The  vertical  bar  at  the  bottom  of  the  left 
panel  indicates  500  points  for  the  histograms;  the  spacing  between  the 
arrows  below  the  histograms  is  30  pS.  Records  were  filtered  at  80  Hz  on 
playback  from  an  FM  recorder.  In  the  range  of  -70  mV  to  - 100  mV,  the 
channel  goes  from  spending  most  of  the  time  in  the  open  slate  ( -  70  mV) 
to  spending  about  3/4  of  the  time  in  the  closed  state  (-100  mV). 
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Figure  4  Voitage-dependence  of  channel  gating.  The  fractional  u.'en  time  (/J  is  plotted  »>.  voluge  (left)  and  the  same  data  are  plotted  in 
linearized  form.  ln(/./(l  -  /J]  vs.  E,  on  the  right.  The  linearized  data  were  fit  by  the  assumption  that  the  channel  spends  50%  of  its  time  open  at 
«,  -9}  mV,  and  that  there  is  a  gating  charge  of  5e' /channel.  Further  details  appear  in  the  text.  Data  are  from  the  same  membrane  as  those 
shown  in  Fig.  3. 


The  values  obtained — an  apparent  gating  charge  of  4-6 
electronic  charges/channel  (5.6  ±  1.0,  SE,  three  experi¬ 
ments),  and  a  half-open  voltage  of  E  -  -93  mV  (-93  ±  5 
mV,  SE,  three  experiments) — are  close  to  those  deter¬ 
mined  from  macroscopic  current  measurements  on  BTX- 
activated  sodium  channels  in  voltage-clamped  neuroblas¬ 
toma  cells  (Huang  et  al.,  1982).  The  key  point  to  be  made 
for  the  purposes  of  this  paper  is  that  the  probability  of  the 
channel  gates  being  found  open  changes  significantly  with 
transmembrane  potential  only  over  a  restricted  range  of 
voltages  that  is  more  negative  (hyperpolarized)  than  -60 
mV.1 

Saxitoxin  Block  is  Voltage-dependent  in  a 

Range  Where  the  Channel  Gates  Remain 

Open 

The  remaining  results  are  based  on  long  records  taken  in 
thn  presence  of  STX  from  a  membrane  containing  seven 
sodium  channels.  It  can  be  seen  from  Fig.  5  that  all 
channels  are  blocked  almost  all  of  the  time  by  320  nM 


STX  at  -60  mV,  whereas,  at  +58  mV,  up  to  three,  and 
occasionally  four,  of  the  seven  channels  in  the  membrane 
were  open  simultaneously.  At  these  voltages,  channels 
remained  open  >98%  of  the  time  in  the  absence  of  STX 
(see  control  record.  Figs.  1  and  3).  Block  by  STX  thus 
appears  to  be  voltage-dependent.  We  have  observed,  with¬ 
out  exception,  qualitatively  similar  voltage  dependence  in 
each  of  six  experiments. 

To  examine  the  voltage  dependence  of  the  steady-state 
fractional  block  quantitatively,  we  determined,  from 
extended  recordings,  the  mean  current,  corrected  for  the 
conductance  of  the  bilayer  with  no  channel  conducting. 
The  fraction  blocked,  /*  was  then  estimated  as 

A  -  1  -  /.  (7) 

where  /„  is  the  fractional  open  time  defined  by  Eq.  1 .  Plots 
of  1/A  vs-  1/[STX)  were  then  used  to  estimate  the 
apparent  dissociation  constants,  at  these  voltages,  for  the 
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'Although  we  have  no  direct  knowledge  of  either  the  resting  potential  in 
the  cells  from  which  our  channels  originated,  or  the  normal  conductance- 
voltage  relation  for  these  channels  in  the  absence  of  BTX,  it  seems  likely 
that,  as  in  cellular  preparations,  BTX  tuitions  the  conducts  nee- voltage 
curve  at  more  hyperpolarized  potentials  than  normal.  Our  ionic  condi¬ 
tions,  which  were  chosen  to  facilitate  channel  incorporation  and  to  provide 
a  reasonable  signal-to-noiae  ratio,  include  higher  than  physiological 
monovalent  ion  concentration,:  and  internal  (Irani)  calcium,  and  lower 
than  physiological  external  (cis)  calcium.  Milltmolar  concentrations  of 
internal  calcium  had  little  or  no  effect  on  sodium  conductance-voltage 
relations  in  squid  axon  (Begenisich  and  Lynch,  1975).  Lowered  external 
calcium  generally  shifts  conductance-voltage  relations  in  the  hyperpolar- 
izing  direction  (Frankenhauscr  and  Hodgkin,  1957;  Hide  et  al.,  1975), 
but  the  magnitude  of  this  shift  would  be  reduced  by  the  high  monovalent 
ion  concentration  (Hille  et  al.,  1975).  These  data  suggest  that  our  ionic 
conditions  might  produce  a  negative  shift  in  the  /,  vs.  £  relation,  on  the 
order  of  10  mV. 


Figure  5  Voltage  dependence  of  current  fluctuations  due  to  blocking 
and  unblocking  of  the  sodium  channels  by  STX.  Current  traces  from  a 
membrane  containing  seven  sodium  channels,  with  320  nM  STX  on  the 
cis  side,  are  shown.  A  downward  deflection  in  the  current  record 
represents  an  inward  (rii  to  Irani)  current  across  the  bilaycr.  At  -60 
mV,  16  traces  are  superimposed;  at  +58  mV,  24  traces  are  superimposed. 
The  records  were  filtered  (low pass)  at  20  Hz  on  playback  from  FM  tape. 
The  common  level,  indicated  by  the  arrows,  corresponds  to  zero  current, 
and  the  current  increment  between  adjacent  levels  is  - 1 .8  pA.  Notice  that 
there  were  never  more  than  two  channels  simultaneously  open  at  -60 
mV,  and  never  more  than  four  open  at  +58  mV,  even  though  control 
records  showed  current  corresponding  to  seven  channels.  The  voltage 
dependence  seen  here  must  be  due  to  a  voluge  dependence  of  STX  block 
since  the  channels  remain  open  essentially  all  of  the  time  at  these  voltages 
in  the  absence  of  STX  (see control  trace.  Fig.  I). 
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STX  block  from  the  equation 

I //»(£)  -  I  +  *„(£)/ [STX | .  (8) 

At  £  -  -60  mV,  we  had  sufficient  data  to  estimate  /b  at 
only  two  STX  concentrations.  In  that  case  we  made  two 
discrete  estimates  of  £d(-60)  by  substituting  /b(- 60) 
and  [STX]  directly  into  Eq.  8  and  solving  for  £d(-60  mV) 
(Fig.  9,o). 

As  indicated  by  the  increasing  slopes  of  the  reciprocal 
plots  in  Fig.  6,  K^(E)  increases  with  increasing  voltage,  a 
quantitative  expression  of  the  observation  noted  earlier 
that  the  degree  of  block  was  reduced  at  positive  voltages 
(Fig.  5).  The  actual  dependence  of  on  £  is  shown  in  Fig. 
9,  where  we  compare  these  estimates  from  steady-state 
measurements  (open  symbols)  with  those  from  indepen¬ 
dent  kinetic  determinations  (•). 

Voltage  Dependence  of  the  Apparent 

Binding  and  Dissociation  Rates 

A  marked  decrease  in  the  dwell  time  for  the  single-channel 
open  level,  produced  by  changing  the  voltage  from  +58 
mV  to  -  60  mV,  is  clearly  apparent  in  Fig.  7.  This  indicates 
an  increase  in  the  binding  rate  for  STX  over  this  range.  In 
Fig.  8,  we  show  the  rate  constants  for  binding  (blocking), 
0,  and  dissociation,  X,  calculated  from  Eqs.  3  and  4,  plotted 
semilogarithmically  against  voltage.  The  voltage  depen¬ 
dence  shown  by  the  two  rates  is  complementary,  ft  increas¬ 
ing  and  X  decreasing  as  £  is  made  more  negative.  The 
regression  lines  for  the  scrr.ilogarithmic  plots  in  Fig.  8 
suggest  that  in  each  of  the  binding  and  dissociation  steps  a 
single,  elementary  charge  responds  to  -30%  of  the  trans¬ 
membrane  voltage  or,  equivalently,  two  charges  sense  1 5%. 
Negative  voltages,  which  attract  the  cationic  toxin  toward 
the  inside  of  the  membrane,  speed  toxin  binding  and  slow 


Figure  6  Reciprocal  plots  of  dose-response  data  for  STX  block  at 
three  different  voltages.  The  reciprocal  of  the  fractional  block  of  the 
sodium  channel  current  is  plotted  vs.  the  reciprocal  of  the  STX  concentra¬ 
tion,  with  linear  regression  lines  (r  >  0.90  in  each  case)  for  each  set  of 
data.  Data  are  from  the  same  membrane  as  that  in  Fig.  S.  Points  shown 
are  for  E  -  +38  mV  (•),  +30  mV  (o)  and  for  -30  mV  (half-filled 
circles).  Apparent  dissociation  constants  derived  from  these  data  are 
plotted  as  a  function  of  voltage  in  Fig.  9. 
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Figure  7  Voltage  dependence  of  open-state  dwell  times.  Cumulative 
dwell  time  distributions  are  shown,  for  £  -  +58  mV  and  -60  mV  for  the 
one -channel-open  conductance  level,  from  the  same  membrane  as  for  Fig. 
5.  The  abscissa  represents  time,  and  the  ordinate  reprt  ents  the  number  of 
events  that  lasted  at  least  as  long  as  the  time,  I.  Left,  complete 
distributions  using  a  linear  scale  on  the  ordinate;  right,  semiksgarithmic 
plots  of  the  same  data.  /VT,  the  total  number  of  events  observed  at  each 
potential,  was  58  at  +58  mV  and  75  at  -60  mV.  The  straight  lines 
through  the  data  are  linear  regression  lines  through  the  log-transformed 
data.  In  the  left-hand  parts  of  the  figure,  the  vertical  cursors  indicate  the 
segment  of  the  distribution  that  was  used  for  the  fits  shown  on  the  right. 
Notice  the  marked  decrease  in  [he  open  (unblocked)  state  dwell  times 
when  the  voltage  is  changed  from  +58  mV  to  -60  mV.  Data  were 
collected  in  the  presence  of  320  nM  STX.  The  time  scale  bar  represents  I 
s  (left  frame)  and  0.5  s  ( right  frame) . 

its  dissociation.  Quantitatively,  for  the  data  in  Fig.  8,  this 
information  is  expressed  in  the  following  relations: 

Xe  -  Ao  exp(0.28  FE/RT)  (9) 


/9e-/S0exp<— 0.35  FE/RT)  (10) 

where  Xo  -  0.095  s*1  and  -  0.935  x  107  M'1  s’1.  The 
value  obtained  here  for  /9  at  £  -  58  mV  (0.38  x  107  M_l 
s‘‘)  may  be  directly  compared  with  the  slope  (1.1  x  1C* 


EtntV) 

Figure  8  Dependence  on  voltage  of  the  apparent  binding  and  dissocia¬ 
tion  rate  constants  for  STX  block  of  the  channels.  The  rate  constants  were 
derived  from  the  reciprocal  dwell  times  under  the  assumption  that  each  of 
the  seven  channels  in  the  membrane  could  be  independently  blocked  by 
STX.  The  lines  shown  are  linear  least-square  fits  to  the  logarithm  of  the 
rate  constants  (correlation  coefficients,  r  -  0.98  in  each  case).  Notice  that 
the  blocking  and  unblocking  rate  constants  show  a  voltage  dependence  of 
approximately  equal  steepness  but  of  opposite  sign,  such  that  hyperpolar- 
ization  speeds  blocking  and  slows  unblocking.  Units  on  the  ordinate  are 
a-1  for  unblock  and  10*  M  "1  s'1  for  block.  Further  details  of  the  analysis 
are  in  the  text.  The  rate  constants  were  determined  from  dwell  times 
measured  in  the  presence  of  320  nM  STX. 
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M  1  s ' ')  of  the  plot  of  reciprocal  open  dwell  times  vs.  STX 
concentration  in  Fig.  2.  Part  of  this  discrepancy  can  be 
explained  by  the  filtering  of  the  records  prior  to  analysis. 
As  the  STX  concentration  increases,  consequently  decreas¬ 
ing  the  open  (unblocked)  dwell  time,  the  filtering  obscures 
a  higher  and  higher  fraction  of  the  open  (unblocked) 
events.  At  the  highest  STX  concentration  used  in  Fig.  2,  up 
to  l0%-20%  of  the  unblocking  events  would  be  expected  to 
go  unrecognized. 

The  apparent  dissociation  constant  K4(E)  -  X£//3£  may 
be  calculated  from  these  data,  and  the  derived  estimates 
agree  closely  with  those  obtained  from  the  steady-state 
block  measurements  mentioned  earlier  (compare  open  and 
filled  symbols  in  Fig.  9).  In  the  context  of  a  model  in  which 
STX  must  enter  the  membrane  field  (cf.  Woodhull,  1973), 
K4(E)  -  exp  (z  b  FE/RT),  where  z  is  the  valence  (z  -  2  for 
STX)  and  b  is  the  fraction  of  the  transmembrane  voltage 
sensed  by  the  toxin.  When  K4(E),  calculated  from  the 
blocking  and  unblocking  rate  constants,  was  plotted 
against  membrane  potential,  we  determined  a  value  for  zb 
of  0.63  (5  -  0.3),  suggesting  that  the  divalent  toxin  senses 
-30%  of  the  transmembnne  field  when  bound  in  the 
steady  state.  When  K4,  determined  from  our  steady-state 
fractional  block  measurements,  was  plotted  against  poten¬ 
tial,  we  obtained  a  value  for  b  of  ~0.4.  Hence,  30-40%  of 
the  voltage  affects  toxin  binding,  either  directly  or  indirect¬ 
ly. 

DISCUSSION 

Hillc  (1968),  in  describing  the  block  of  sodium  channel 
currents  in  frog  node  by  STX,  wrote  “...  amplitudes  of  the 


Figure  9  Apparent  dissociation  constants  Tor  STX  block  plotted  vs. 
transmembrane  voltage.  Two  independent  determinations  are  shown. 
Open  symbols  (triangles  and  circles)  were  obtained  from  fractional 
blocked  times.  The  open  circles  were  obtained  from  the  slopes  of  the 
regression  linn  in  Fig.  6.  Since  we  only  determined  the  fractional  block  at 
two  STX  concentrations  at  -  6G  mV,  the  two  individual  points  are  plotted 
here  (A);  the  mean  of  these  two  points  was  used,  with  the  open  circles,  to 
calculate  the  linear  regress  ion  line  ( — ).  The  solid  symbols  and  the 
dashed  line  (— )  are  the  apparent  dissociation  constants,  and  the  corre¬ 
sponding  Fit,  obtained  from  the  rate  constants  estimated  from  the  dwell 
timet  (see  Figs.  7  and  8).  The  half-filled  circle  represents  the  superposi¬ 
tion  of  an  open  and  a  solid  circle. 


peak  sedium  currents  were  reduced  by  the  same  fraction  at 
every  voltage,  whether  the  current  is  inward  (negative)  or 
outward.  ”  That  study,  and  others  (for  reviews,  see  Nara- 
hashi,  1974;  Ritchie  and  Rogart,  1977)  strongly  suggested 
that  one  toxin  molecule  bound  to  each  channel  to  produce 
block.  Subsequently,  kinetic  studies  (Schwarz  et  al.,  1973) 
showed  that  equilibration  time  constants  forTTX — a  toxin 
showing  comparable  binding  affinity,  block,  and  unblock 
following  a  step  in  toxin  concentration — were  on  the  order 
of  tens  of  seconds  at  concentrations  near  the  dissociation 
constant.  It  became  clear  that  measurements  of  peak 
sodium  current  during  a  depolarizing  voltage  step  from  a 
fixed  potential  would  assay  the  degree  of  block  for  the 
steady  state  reached  at  the  holding  potential  prior  to  the 
pulse.  Later  studies  by  Aimers  and  Levinson  (1975), 
Ulbricht  and  Wagner  (1975  a,  b),  and  Cohen  et  al.  (1981) 
examined  the  effect  on  TTX  block  of  steady  depolarization 
preceding  a  test  pulse.  In  addition,  Krueger  et  al.  (1979) 
examined  the  effect  of  potassium-induced  depolarization 
on  }H-STX  binding  to  rat  brain  membrane  vesicles.  All  of 
these  studies  appeared  to  support  the  earlier  conclusion 
that  block  by  STX  was  due  to  voltage-independent  binding 
with  a  1 : 1  stoichiometry.3  The  question  then  arises,  why 
should  the  toxin  block  appear  to  be  voltage-dependent  for 
BTX-activated  sodium  channels  incorporated  into 
bilayers? 

There  are  at  least  three  explanations  for  this  voltage- 
dependent  block  by  STX.  The  voltage  dependence  that  we 
observed  may  simply  have  been  overlooked  because  of  the 
length  of  the  equilibration  times  compared  with  the  usual 
duration  of  voltage  damp  pulses.  The  macroscopic  relaxa¬ 
tion  time  constant  can  be  calculated  from  the  binding  and 
dissociation  rate  constants  (Fig.  8)  using  the  expression 

r*-l/(A  +  f»lSTX]).  (11) 

Using  the  rate  constants  for  E  -  0  mV,  -  5.3  s  when 
[STX]  -  10  nM.  Although  the  long  relaxation  times  for 
TTX  and  STX  block  were  not  taken  into  account  in  some 
earlier  studies,  this  first  possibility  can  probably  be  dis¬ 
carded  on  the  basis  of  '.he  careful  studies  of  Ulbricht  and 
Wagner  (1975  a,  b).  Aimers  and  Levinson  (1975),  and 
Cohen  et  al.  (1981). 

The  second  possibility  is  that  BTX  modification  causes 
the  toxin  block  tc  become  voltage-dependent.  This  possibil¬ 
ity  is  of  interest  in  light  of  the  observation  that  BTX 
induces  changes  in  the  ion  selectivity  of  sodium  channels 
(sec  Khodorov,  1978,  for  a  brief  review).  To  date,  we  have 
been  unable  to  address  this  question  in  our  preparation, 
since  with  the  relatively  large  bilayers  used  in  these  studies 
we  lacked  the  necessary  current-time  resolution  to  study 


‘A  report  by  Baer  et  at.  (1976)  that  depolarization  enhances  TTX  block  of 
cardiac  todium  channels  has  been  challenged  on  technical  grounds 
(Cohen  and  Strkhartz.  1977;  Cohen  etal.,  1981)  and  is  not  supported  by 
more  recent  voltage  damp  studies  (Cotalsky  and  Gadsby,  1980;  Cohen  et 
al.  1981). 
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sodium-channel  currents  in  the  absence  of  BTX.  However, 
published  reports  suggest  that  both  binding  of  JH-STX 
(Krueger  et  al.,  1979)  and  block  of  sodium  channels  by 
TTX  (Mozhayeva  et  al.,  1982)  arc  unaffected  by  BTX 
activation. 

The  third  possibility  is  that  one  of  our  experimental 
conditions  either  induces  or  accentuates  the  voltage  depen¬ 
dence.  Specifically,  we  u:ed  calcium  and  sodium  at  the 
physiological  inner  surface  of  the  channels  in  concentra¬ 
tions  about  100-fold  higher  than  those  found  in  intact 
nerve.  Binding  of  a  cation  to  a  site  accessible  from  the 
inside,  within  the  transmembrane  field,  might  repel  the 
cationic  toxin  from  a  binding  site  at  the  outer  surface,  and 
would  thus  confer  voltage-dependence  on  the  block,  with 
the  orientation  that  we  observed.  At  concentrations  far 
below  their  dissociation  constants,  binding  of  the  “compet¬ 
ing”  ions  would  be  negligible  regardless  of  voltage,  hence 
voltage  would  have  no  significant  effect  on  STX  binding. 
This  mechanism  is  related  to  the  “modified  competition” 
proposed  by  Ulbricht  and  Wagner  (1975  a)  to  account  for 
an  apparent  voltage  dependence  of  TTX  binding  seen  only 
at  low  pH.  The  third  possiblity  could  be  tested  by  varying 
the  composition  of  the  solution  at  the  inner  surface  of  the 
channels  (the  trans  side).  Specifically,  if  STX  binding 
(which  may  be  intrinsically  voltage-independent)  can  be 
prevented  or  reduced  by  the  occupancy  of  a  cation  binding 
site  accessible  from  the  inside  and  within  the  membrane 
field  (i.e„  occupancy  of  that  site  would  be  voltage- 
dependent),  then  the  apparent  voltage  dependence  of  STX 
block  should  be  reduced  by  lowering  the  sodium  and/or 
calcium  concentrations  on  the  inside  of  the  membrane.  We 
are  now  performing  experiments  to  test  this  possibility. 

With  regard  to  the  specific  molecular  basis  of  the 
voltage  dependence,  it  will  also  be  of  interest  to  examine 
the  effect  of  voltage  on  TTX  block  of  these  channels,  since 
TTX  is  monovalent  at  physiological  pH,  while  STX  is 
divalent.  If  these  blockers  enter  the  transmembrane  elec¬ 
tric  field  to  block  the  channels,  one  might  expect  the  block 
by  STX  to  be  more  strongly  influenced  by  voltage.  None¬ 
theless,  the  experiments  may  not  necessarily  lead  to  an 
unambiguous  conclusion,  as  the  effect  of  voltage  on  the 
action  of  divalent  cations  with  two  separated  charges  can 
show  a  complex  dependence  on  their  size  and  molecular 
structure  (Miller,  1982).  The  larger  size  of  STX  (the 
charges  arc  separated  by  -3  A)  makes  it  possible  that  each 
of  the  charged  groups  would  penetrate  a  different  fraction 
of  the  transmembrane  voltage. 

Two  observations  have  been  made  in  other  systems,  from 
which  it  appears  that  depolarization  may  be  able  to  reduce 
the  degree  of  TTX  block.  In  cardiac  muscle,  a  slight 
reduction,  by  depolarization,  of  biock  of  background 
sodium  conductance  is  shown  in  Fig.  1  C  of  Colatsky  and 
Gadsby  (1980).  This  parallels  our  own  observations,  but 
the  effect  is  less  marked.  Although  Mozhayeva  et  al. 
(1982)  were  addressing  an  apparently  unrelated  phenome¬ 
non  (viz.,  an  irreversible  effect  of  TTX  on  gating  of 


BTX-activated  sodium  channels),  their  records  (Fig.  I  C) 
show  a  slow,  steady  increase  in  current  amplitude  toward 
the  end  of  50- 1 00-ms  depolarizing  pulses.  This  could  be 
the  result  of  slowly  relaxing,  depolarization-induced 
release  of  TTX  block  of  the  BTX-activated  channels. 
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DISCUSSION 

Session  Chairman:  Alan  Finkelstein  Scribes:  Lawrence  B.  Weiss,  Juli  Lai 
Weiss,  and  Charles  L.  Bowman 

PAPPONE:  In  your  paper  you  give  two  possible  explanations  for  the 
voltage  dependence  of  STX  block  of  BTX-fnodifted  Na*  channels.  It 
could  be  an  effect  of  the  BTX  modification  or  of  the  unphysiologic  Na* 
concentration  on  the  traits  side.  Do  you  have  any  data  which  address  this 
question? 

FRENCH:  These  may  be  two  distinct  issues.  Firstly,  is  BTX  modification 
required  for  the  voltage  dependence?  Seoondly,  when  voltage  dependence 
occurs,  is  it  due  to  an  interaction  between  STX  and  some  "internal”  km? 
At  this  point,  we  have  not  done  experiments  at  wide  enough  bandwidths  to 
study  the  channels  in  the  absence  of  BTX  and  thus  resolve  the  question  of 
primary  BTX  effect.  Krueger  et  al.  have  addressed  this  in  K '-depolarized 
synaptosomes  and  found  no  effect  of  TTX  on  STX  binding.  This  question 
is  raised  for  our  system  because  the  Na*  concentration  on  the  leans  side 
was  orders  of  magnitude  higher  than  physi  -ogic  concentration.  There¬ 
fore.  the  possibility  is  raised  that  Na*  may  displace  BTX.  We  have  no 
direct  evidence  for  this. 

PAPPONE:  Because  you  have  interpreted  the  voltage  dependence  of 
block  by  STX  to  mean  that  STX  has  moved  into  the  channel  and  because 
STX  and  TTX  have  different  numbers  of  charges,  have  you  compared  the 
voltage  dependence  of  these  two  toxins? 

FRENCH:  Yes.  We  have  some  preliminary  results  and  have  found  that 
TTX  exhibits  the  same  voltage  dependence  is  STX. 

FINKELSTEIN:  Is  it  correct  that  for  both  STX  and  TTX  there  is  an 
e-fold  change  in  block  for  40  mV? 

FRENCH:  Yes. 

RUBINSON:  I  would  argue  that  it  is  something  other  then  the  movement 
of  the  next  charge  on  the  toxin  in  the  membrane  field  that  is  causing  the 
effect. 
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FRENCH:  I  would  agree. 

FINKELSTEIN:  Could  you  clarify  your  point  about  the  experimental 
Na’  concentrations? 

FRENCH:  We  used  symmetric  0.5  M  NaCI  in  our  experiments. 

ANDERSEN:  In  collaboration  with  Bill  Greer,  sod  Larry  Weiss,  I  have 
done  similar  experiments  with  dog  brain  synaptosomes.  Barring  any 
major  species  difference,  we  have  encountered  the  same  voltage  depen¬ 
dence  for  TTX  binding  to  BTX-modified  Na  *  channels.  This  voltage 
dependence  is  comparable  with  that  reported  here  and  is  independent  of 
Na  *  concentration.  We  have  also  found  the  K0  for  TTX  block  al  a  given 
potential  varies  with  Na*  concentration.  Between  50  mM  and  2.5  M 
NaCI  there  is  no  change  in  the  voltage  dependence  of  TTX  block  and 
there  appears  to  be  a  competitive  interaction  between  Na*  concentration 
and  TTX  block.  This  nisei  the  question  of  whether  or  not  TTX  and  STX 
bind  in  the  permeation  pathway.  Further,  although  the  block  induced  by 
STX  and  TTX  are  voltage  dependent,  we  don't  know  if  the  binding  of 
these  >oxins  is  voltage  dependent  or  if  the  block  represents  an  independent 
process.  Is  there  any  evidence  whether  these  neurotoxins  bind  in  the 
permeation  pathway  or  whether  they  bind  at  an  allosteric  site? 

FR  ENCH:  There  is  no  direct  evidence.  The  idea  that  STX  and  TTX  may 
act  as  a  plug  is  suggested  by  the  fact  that  these  toxins  contain  guanidin- 
ium  groups,  and  that  guaaidinium  can  carry  current  through  the  Na* 
channel. 

YEH:  The  results  of  our  (Tanguy,  Narahashi.  and  Yeh.  unpublished) 
experiment  with  BTX  on  Ns*  channels  in  squid  axon  membranes  support 
the  idea  that  BTX  modification  causes  the  toxin  (STX)  block  to  become 
voltage-dependent.  As  had  been  reported  in  many  other  preparations, 
BTX  has  two  major  effects  on  the  gating  kinetics  in  squid  axon;  it  opens 
Na*  channels  at  very  negative  potentials  and  it  removes  Na'  inactivation. 
In  addition,  BTX-modified  Na*  channels  have  different  pharmacological 
profiles.  For  example,  in  the  presence  of  10  nM  STX.  the  Na*  current  al 
-  80  mV  was  suppressed  to  -50%  of  the  control,  whereas  al  +  20  mV,  the 
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suppression  was  <20%.  Thus  the  Mocking  action  of  STX  in  BTX- 
modified  channels  is  voltage  dependent. 

Furthermore,  this  voltage-dependent  block  occurs  very  rapidly,  as 
rcHectcd  in  the  lack  of  time  dependence  of  the  unblocking  rates.  Phis  is  in 
marked  contrast  to  the  effect  of  STX  on  normal  Na  channels.  As  French 
pointed  out.  STX  block  of  normal  Na '  channels  is  not  voltage  dependent 
and  the  unblocking  rate  is  rather  slow. 

MOCZYDLOWSKI:  In  Chris  Miller’s  lab,  we  have  been  studying  Na‘ 
channels  from  rat  muscle  in  bilayers  and  our  data  confirm  that  of  Olal' 
Andersen  and  Robert  French  with  respect  to  the  voltage  dependence  of 
toxin  binding.  In  collaboration  with  Gary  Strichartz  and  Sherwood  Hall, 
we  have  studied  si*  different  derivatives  of  STX  in  which  the  net  charge  is 
modified  by  sulfate  groups.  The  various  toxins  bear  a  net  charge  from  0  to 
t-2.  All  these  toxins  exhibit  the  seme  voltage  dependence.  Our  findings  on 
Na’  competition  reveal  oniy  an  effect  on  the  association  rate  with  no 
effect  on  the  ofT  rate  constant  in  the  range  of  40-600  mM  Na*.  In  the 
simple  competitive  modci,  this  suggests  that  the  binding  constant  for  Na  * 
is  voltage  independent  while  toxin  binding  to  this  site  is  voltage  depen¬ 
dent. 

FRENCH:  Those  observations  argue  against  the  voltage  dependence 
being  due  to  Na  *  from  the  inner  side  because  this  would  probably  modify 
the  off  rate. 

ANDERSEN:  We  find  no  change  in  the  off  rate  constant  from  50  mM  to 
2.5  M  Na*.  making  it  unlikely  that  there  is  an  effect  of  Na*  from  the 
inner  side.  Thete  is,  however,  a  flaw  in  thisa>gument.  If  there  is  a  1.0  mM 
Kn  for  Na’  to  an  inner  binding  site,  we  may  really  be  looking  at  a 
Na  *  -TTX  interaction  in  a  doubly  occupied  channel. 

HALL:  Because  your  experiments  are  done  in  decane -containing  mem¬ 
branes  which  exhibit  electrostrictive  thmning,  can  you  be  sure  that  this 
deformation  is  not  the  origin  of  your  voltage  dependence? 

MOCZYDLOWSKI:  We  have  done  experiments  in  folded  membranes 
without  decane,  and  our  results  are  the  same. 

BENNETT:  If  the  toxin  site  is  first  in  the  permeation  pathway  and  then 
in  the  blocked  state,  the  entire  potential  might  drop  across  the  single 
guanidinium  group,  independent  of  the  rest  of  the  molecule. 

FRENCH:  Such  a  potential  profile  ofTers  a  possible  way  of  explaining  the 
steep  voltage  dependence  of  action  of  the  bulky  toxin  molecules,  but  it  also 
raises  two  questions.  Why  don't  we  see  a  voltage  dependence  correspond¬ 
ing  to  the  whole  voltage  drop?  And  how  would  this  picture  apply  to  the 
more  complex  derivatives  that  Ed  Moczydlowski  and  Chris  Miller  have 
been  studying? 


MOCZYDLOWSKI:  What  you're  proposing  is  that  only  one  guanidin¬ 
ium  is  entering  the  field,  while  the  second  guanidinium  would  be 
completely  excluded  even  though  the  distance  between  these  two  groups  is 
3-4  A  for  the  saxilo  in  molecule.  This  explanation  seems  unlikely. 

FINKELSTEIN:  o  rephrase  this  important  question:  in  the  simple 
blocking  models  it  tas  been  assumed  that  the  electric  field  is  the  same  in 
the  blocked  and  unblocked  states,  but  this  model  may  not  be  correct.  It 
may  be  more  correct  to  ask.  wha.  is  the  voltage  profile  that  the  blocking 
ion  secs  when  the  site  is  unblocked’’  And  what  does  it  see  after  the  site  is 
blocked? 

BARCHI:  Is  the  evidence  you  have  presented  consistent  with  a  very  small 
voltage-dependent  change  in  tertiary  or  quarternary  structure  in  the 
binding  site  itself? 

FRENCH:  Yes. 

ANDERSEN:  I  would  like  to  point  out  another  very  interesting  finding, 
by  Aimers  and  Levinson  (1975.  J  Physiol.  (Land.  ).  247:483),  which  is 
usually  died  as  evidence  for  voltage-independent  block  but  which  actually 
supports  voltage-dependent  block.  In  a  muscle  preparation  in  normal 
NaCI  they  determined  a  K0  for  TTX  binding.  These  muscles  were  then 
K*  depolarized  in  a  Na  ‘-free  solution  and  the  KD  was  unchanged. 
However,  other  investigators  (Rer-j  and  Raftery.  1976.  biochemistry. 

\  5:944,  Barchi  and  Weigek.  1979.  J.  Physiol.  (Load. ).  295:383)  as  well 
as  ourselves,  have  demonstrated  Na*  competition  for. TTX  binding;  thus, 
one  would  expect  an  increase  in  KD  of  three- fivefold.  If  one  now  assumes 
by  going  to  the  Na-free  solution  a  50-70  mV  change  in  membrane 
potential,  which  should  decrease  the  K0  three-fivefold,  then  one  would  tee 
no  significant  change  in  Kq.  This  was  their  observation. 

KRUEGER:  It  is  interesting  that  our  results,  which  demonstrate  voltage- 
dependent  TTX  and  STX  block,  were  obtained  with  BTX-activaled 
sodium  channels  that  were  open  in  the  steady  stale.  This  is  in  contrast  to 
other  work  in  which  the  membrane  potential  was  held  for  long  times  at 
either  hyperpdarized  or  depolarized  potential.'  at  which  the  channels 
were  either  dated  or  inactivated.  It  is  of  interest  that  Colatsky  and 
Gadsby  (1980.  J.  Physiol.  (Land.  ).  306:20P)  reported  using  a  heart 
preparation  to  study  the  steady-state  block  of  open  Na*  channels  under 
conditions  where  the  channels  were  open  but  not  inactivated.  They  found 
a  small  but  significant  shift  in  the  steady-state  binding  constant  for  TTX 
in  the  same  direction  as  we  report  here. 

ADELMAN:  Once  TTX  or  STX  block  has  been  established,  can  you 
relieve  it  with  a  change  in  voltage  and  is  it  time  dependent? 

FRENCH:  This  has  not  been  done  quantitatively,  but  on  changing  the 
membrane  potential  one  can  see  the  relaxation  to  a  new  level  of  block 
within  seconds. 
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Reconstitution 


E.  CfiLCiyB  SHAMSL5  EBSH  Bfil  8BAJM  IM  EWBfiB  BIWXBBS* 


Sunarv.  Voltage-dependent  calciua  channels  from  rat  brain  vara  incor¬ 
porated  into  planar  bilayers  using  aiailar  procedures  to  those  described 
for  aodiua  channels  (29) .  A  membrane  fraction  iron  rat  brain 
sedian  ealnanca  was  used  as  a  source  of  these  channels  because  that  region 
consists  priaarily  of  narva  terainala  "nvolved  in  the  release  of  neuro- 
horaonea  (30) .  Calciua  channels  are  thought  to  be  concentrated  in  nerve 
terainala  where  they  are  involved  in  the  stiaulus-coupled  release  of  tr ana- 
sitter  froa  syr.aptic  vesicles,  i.e.,  exocytosis  (31).  In  the  presence  of 
ayaaetrical  0.25  H  divalent  cation,  unitary  fluctuations  were  observed  with 
single  channel  conductances  of  5  pS,  8.5  pS,  and  5  pS  for  Ca**,  Ba**,  and 
Sr**,  respectively.  Monovalent  cations  and  anions  were  not  measurably 
peraaant.  Membrane  depolarization  increased  the  mean  open  channel  lifetimes 
(decreased  the  probability  of  closing)  and  decreased  the  uan  closed  life¬ 
times  (increased  the  probability  of  opening).  The  open  lifetimes  were 
shorter  in  Ba**  that  in  Ca**  or  Sr**,  suggesting  a  functional  relationship 
between  ion  permeation  (unit  conductance)  and  voltaga-gating  (probability 
of  closing). 

The  ability  to  study  single  channels,  which  have  a  much  smaller  unit 
couductance  than  sodium  channels  (5  pS  va  30  p3)  was  due  to  the  development 
of  a  new  current  to  voltage  converter  by  Dr.  French.  Soma  of  the  aodiua  and 
calcium  channel  current  fluctuations  are  still  too  fast  to  measure 
accurately  and  faster  amplifiers  are  now  being  designed  and  fabricated. 

The  channels  incorporated  in  the  planar  bilayer  have  been  identified 
aa  calcium  channels  by  several  criteria  detailed  in  ref.  29  a  copy  of  which 
which  follows.  To  the  extent  that  a  direct  comparison  can  be  made,  these 
calciua  channels  have  many  properties  in  common  with  calciua  channels  in 
other  tlsauee  (32-34)  including  some  that  have  been  studied  at  the  single 
channel  j.evel.  (33,34).  We  believe  that  thase  channels  may  function  to 
admit  calciua  lone  into  secretory  nerve  endings  in  the  rat  brain  to  act  aa 
a  trigger  for  release  of  neurohoraonea.  If  so,  these  would  be  the  first 
such  calciua  channels  from  mammalian  cantral  nervous  system  to  be  studied 
at  the  single  channel  level,  and  the  first  calciua  channsls  of  any  kind  to 
be  reconstituted  into  artificial  aaabranes.  We  say  be  in  a  position  to 
answer  a  long-standing  question  aa  to  whether  ions  can  pass  in  both  direc¬ 
tions  through  calcium  channels.  Whila  tie  normal  dlraction  is  inward.  Lea 
and  Taien  (35)  have  shown  that  potassium  and  caalua  can  mow  outward 
through  cardiac  calclui  channels  (calciua  could  not  ba  teatad).  It  appears 
that  in  the  experiments  reported  here,  divalent  ions  are  moving  outward 
(inward  moveaant  has  not  been  tested  so  far  for  technical  reasons).  Experi¬ 
ments  are  being  designed  to  demonstrate  divalent  movement  in  both  direc¬ 
tions  in  the  reconstituted  system,  in  order  to  directly  resolve  this 
question. 

We  have  proposed  in  the  renewal  application  for  this  contract  to 
incorporate  calciua  channels  froa  heart  into  planar  bilayara  and  to  compare 
their  properties  with  those  of  brain  channala.  This  is  of  interest  because 
of  the  pharmacological  information  available  about  cardiac  calcium 
channels,  particularly  with  respect  to  "organic  calciua  antagonists" 

(33,34).  These  aubstane  a,  which  are  used  to  treat  certain  cardiac  arrhyth¬ 
mias,  block  calcium  entry  LhrougL  heart  calcium  channels.  Xt  will  be  of 
interest  to  teat  their  effects  on  calciua  channels  froa  nerve. 
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The  median  eminence  was  chosen  as  a  potential  source  of 
Ca3*  channels  because  it  is  rich  in  nerve  terminals  which  secret e 
releasing  and  inhibiting  hormones  that  travel  to  the  pituitary 
by  means  of  the  hypophysial  portal  system15.  Channels  were 
incorporated  into  bilayers  from  membrane  vesicles  that  were 
made  from  rat  brain  median  eminences  usutg  a  method  similar 
to  that  used  for  synaptosoroes1*  or  membrane  vesicles17  from 


whole  brain.  Planar  bilayers  containing  pbosphatidyl- 
ethanolamme  03  mg  ml"*,  bovine  brain;  Avanfi  Polar  Lipids) 
and  phosphatidylserine  (26  mg  ml'1,  bovine  brain;  Avanti)  in 
decane  were  painted  across  a  100-250  nm  hole  in  a  polystyrene 
or  Lexan  partition  separating  two  chambers141 7.  both  (except 
where  noted)  containing  (in  mM)  one  of  250  CaO*  or 
SrClj  or  BiCl,  with  7.5  HEPE5,  0.1 1  CaCI,.  0.075  MgCl*. 
0.038  EGTA,  pH  7.0  (that  is,  the  divalent  cation  equilibrium 
potential  was  normally  0  mV).  The  cis  side  of  the  btiayer  was 
defined  as  that  side  of  the  bilayer  exposed  to  the  membrane 
vesicles;  the  opposite  (iransf  wit  was  held  at  virtual  ground 
Because,  as  inferred  by  their  voltage  dependence,  the  channels 
incorporated  in  the  bilayer  oriented  with  the  extracellular  ends 
of  the  channels  facing  (he  irons  side  and  their  cytoplasmic  ends 
facing  the  as  side,  voltages  reported  here  correspond  to  the 
usual  cellular  convention  (inside  minus  outside). 

Within  minutes  following  the  addition  of  the  membrane  pre¬ 
paration  to  the  cii  side  in  the  presence  of  250  mM  CaC1},  BaCl2 
or  SrClj,  stepwise  current  fluctuations  of  0.5  pA  (Ca3*,  Sr3*) 
or  0.85  pA  (Ba3*)  were  observed  at  >100  mV  (Fig.  la-c).  The 
bottom  current  records  in  Fig.  1  a-c  show  that  fluctuations  in 
current  were  not  seen  for  any  of  the  divalent  cations  at  - 1 00  mV. 
The  current  leak  through  the  bilayer  in  the  absence  of  any 
channel  passing  current  was  symmetrical  at  ±  100  mV  and  cor¬ 
responded  to  a  'naked  bilayer'  conductance  of  about  7.5  pS. 
Figure  I  d  shows  superimposed  single  channel  current  steps  for 
Ca3*,  Ba3*  and  Sr3*  at  >  100  mV.  Strontium  and  barium  have 
been  found  to  carry  current  through  all  Ca3*  channels  studied, 
so  that  »he  ability  of  Sr3*  or  Ba‘*  to  substitute  for  Ca3*  in 
Tiaintaining  Ca3*  currents  is  an  important  criterion  used  in 
identifying  Ca3*  channels3.  Figure  1  shows  first  that  with 
equimolar  concentrations  of  the  three  divalent  cations  the 
efficacy  in  carrying  current  at  >100  mV  was  Ba>Ca-Sr.  This 
agrees  with  reports  for  Ca3*  channels  in  other  cell  types* “n. 
Second,  clear,  well-defined  current  steps  were  seen  for  all  three 
divalent  cations  at  >100  mV,  while  current  fluctuations  were 


Fig.  I  «.  S«fk -channel 
current  fluctuations  with 
Ca3*  At  ♦  100  mV  (top 
record),  the  current  fluctu¬ 
ations  were  0.5  pA  in  sym¬ 
metric  divulem  canon  wt- 
uOom.  In  tha  eipenmem 
there  were  at  least  two 
channels  m  the  bilayer.  The 
holding  potential  was  then 
changed  to  -100  mV  (bot¬ 
tom  record).  At  -100  mV, 
current  fluctuations  were 
not  observed  The  differ¬ 
ence  tn  current  between 
-100  mV  and  +100  mV 
with  all  channels  rioted  rep¬ 
resents  the  bare  bdayer  con- 
dactance,  about  7.5  pS.  A. 
Smgk -channel  current 
fluctuations  wnh  Ba3*  At 
♦  100  mV.  current  ftuctu- 
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ations  of  about  0.85  pA  with  symmetric  dtvaknt  cations  were  measured.  At  -100  mV.  current  fluctuation*  were  not  seen.  c.  Smgk-channd 
current  fluctuations  with  Sr3*.  At  ♦  100  mV.  current  fluctuations  of  about  0.5  pA  with  symmetric  divaknt  canons  were  measured.  At  -100  mV. 
current  fluctuations  were  not  observed.  Hok  diameter:  100  »m.  d.  Comparison  of  single-channel  currents  with  Ba3' .  Ca:*  and  Sr3*  at 
>  1 00  mV.  Current  records  taken  m  the  presence  of  each  mn  were  superimposed.  In  all  cases,  symmetric  250  mM  divaknt  cations  were  present. 
Mitfcsfc:  Smgk-channri  current  fluctuations.  The  membranes  were  prepared  from  10-15  rat  brain  median  eminences,  as  described  in  ref. 
Ih  with  the  oumsuou  of  the  sucrose  gradient  step  The  membranes  were  suspended  in  0  4  M  sucrose  and  could  be  stored  at  -75*C  for  at 
kast  2  months  without  affecimg  the  results.  Identical  results  were  obtained  with  both  fresh  and  frozen  preparations.  The  thawed  synaptosomes 
m  0.4 M  sucroae  were  then  sonicated  (probe  type.  Braun  model  1510)  for  20 s  immediately  before  use.  Addition  of  this  membrane  sesick 
swspensmn  (Anal  concentration  0.1-0  5  ng  protein  ml' 1 )  resulted  in  stepwise  current  fluctuations**  All  experiment*  were  conducted  ai 
room  temperature  <  19-25  TV  The  side  to  which  membrane  vesicles  were  added  was  designated  the  ru  side;  the  opposite  < trams)  side  was 
held  at  virtual  ground.  ftwateve  currents  shown  m  the  figures  reflect  positive  charges  moving  outward,  that  is.  (nun  the  ru  side  to  the  tnarn.i 
side  In  all  figures  shown  m  tins  (efxui  except  Fig.  2r.  the  divalent  cation  equilibrium  potential  was  0  mV.  The  cut-off  frequency  of  the  current 
to  voltage  convener  wasaKmt  600  11/  All  experiments  were  recorded  on  FM  tape  at  600  Itz  and.  unless  otherhe  noted,  records  were  tillered 
at  100  H/  on  ptasbwck  Unless  slated  otherwise,  the  dumeter  <4  the  holes  onto  which  the  bilayers  were  painted  was  250  Ihe  slow  change 
m  current  seen  in  Figs  |«  and  r  at  -  |<MimV  reflected  the  residual  relaxation  of  the  capucitahve  current  following  ihe  voltage  step  from 
*  100  mV  to  -  Itm  mV  which  preceded  ihe  record  slxmn 
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Fig.  2  Current  voltage  relation*  lor  tingle  calcium  channel*,  a. 
Effect*  o4  voluge  on  the  magnitude  erf  single-channel  airrentv 
Record*  were  taken  on  the  same  membrane  with  tym metric 
250  mM  SrOj.  The  solid  horizontal  bar*  in  each  record  indicate 
the  current  level  wnh  all  channel*  closed.  Hole  diameter:  1 00  urn. 
Above  ♦100  mV.  there  i*  a  pronounced  increase  in  current  fluctu¬ 
ation*  in  the  open  Mate  of  the  channel,  h.  C urrent-voltage  relation¬ 
ship  (or  single  calcium  channel*  with  Ca2*.  Ba2*  and  Sr2*.  Sym¬ 
metric  250  mM  divalent  cation*,  that  is.  the  tero-current  potential 
and  divalent  cation  equilibrium  potential  were  at  0  mV  Single- 
channel  conductance*  for  Ca2*.  Ba2*  and  Sr2*  were  5  pS  K.5  pS 
and  5  pS.  respectively,  e.  Single-channel  current  voltage  relation* 
uith  symmetrical  250mMSrC12 <A.  same  data  a*  in  M  and  with 
557  mM  NaCI.  h.l  mM  StCI,  on  the  tmni  side  and  250  mM  StO« 
on  the  cii  sale  (Art-  The  equilibrium  potentials  (calculated  from 
concent  rat  ions  l  for  the**  etperimem*  were:  £  t  symmetric.  liSt  ■ 
« 0 mV;  A  (asymmetric I .  •  -47  mV.  E, ,  »  ♦  V  mV.  I1N.  * 
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nol  seen  at  - 100  mV.  Thus,  the  gating  of  these  single  channels 
i*  voltage-dependent.  Since  single-channel  current  fluctuation* 
continued  to  be  observed  for  many  seconds  following  a  voltage 
step,  (he  channels  under  these  experimental  conditions  do  not 
completely  inactivate  (compare  ref*  9-11).  Thus  far.  with  the 
conditions  described  in  this  paper,  we  have  been  able  to  incor¬ 
porate  Ca3*  channels  on  virtually  every  attempt  (>50)  and 
channels  can  frequently  be  studied  for  periods  of  30  to  60  min 
following  incorporation. 

Single-channel  current-voltage  relations  for  these  cations  are 
shown  in  Fig.  2.  Figure  2a  show*  representative  single  channel 
records  at  three  potentials  with  Sr*  as  the  current  carrier. 
Figure  2fc  shows  that  the  single-channel  current  with  either 
Ca2*.  Ba2*  or  Sr2*  as  the  current  carrier  was  proportional  to 
applied  voluge  over  a  range  of  about  US  mV.  The  single- 
channel  conductances  with  Ca2*,  Ba3*  and  Sr2*  as  the  current 
earners  were  5  pS.  8.5  pS  and  5  pS.  respectively,  indicating  t.ut 
with  symmetric  250  mM  divalent  cations.  Ba3*  moves  through 
the  channel  about  1 .7  times  taster  than  Ca2*  or  Sr2*.  At  poten¬ 
tials  above  + 100  mV,  open  channel  current  noise  with  all  three 
divalent  cations  increased  substantially  (tee  Fig.  2d).  Reducing 
the  Ca3*  concentration  from  250  to  150  mM  had  no  effect  on 
the  single-channel  conductance,  suggesting  that  at  the  levels  of 
cations  used  in  these  experiments,  the  Ca3  channels  were 
saturated  with  respect  to  the  current  carrier3  *'11.  The  use  of 
symmetric  solutions  eliminates  surface  potential  differences,  and 
chianrl  saturation  eliminates  variation  in  the  degree  of 
occupancy  by  the  permeant  ions.  Thus,  the  different  single- 
chaanel  conductances  should  reflect  differences  among  the  limit¬ 
ing  rates  of  transport  of  these  ions  through  the  channels.  Nega¬ 
tive  to  4-30  mV.  the  single-channel  currents  were  too  small  and 
too  brief  to  measure.  Patch  damp  studies  on  intact  cultured  rat 
heart  muscle  and  clonal  rat  pituitary  cells  suggest  that  single- 
rhnanrl  Ba2*  currents  increase  linearly  over  a  50-60  mV 
range4*5  and  that  Ba2*  carries  more  current  than  Ca2*  through 
single  channels  in  Helix  neurones4. 

Direct  evidence  of  selectivity  for  divalent  cations  over 
monovalent  cations  is  shown  in  Fig.  2c  In  this  experiment,  the 
trrna  ScClj  solution  was  replaced  with  an  isotonic  solution  of 
NaCL  Although  the  channels  were  open  long  enough  to  be 
measured  only  at  potentials  more  depolarized  than  4-20  mV, 
the  single  channel  current-voltage  relationship  was  linear  and 
could  be  extrapolated  to  a  potential  (-44  mV)  that  was  very 
dose  to  the  divalent  cation  equilibrium  potential  ( £*,,  -47  mV). 
By  contrast,  the  chloride  equilibrium  potential  ( £c)  was  4-9  mV 
and  the  sodium  equilibrium  potential  (£N«)  was  nominally  plus 
infinity.  This  result  rules  out  the  possibility  that  these  channels 
sdectforNa*  or  O'*.  In  other  experiments,  a  high  concentration 
(200  mM)  of  KC1  was  added  to  the  cis  side  with  150- 
250  mM  CaCli  or  BaCl,  present  on  both  sides.  In  these  experi¬ 
ments  (results  not  shown),  there  was  no  change  in  the  single 
channel  current  at  any  potential.  These  results  also  support  the 
conclusion  that  these  channels  arc  selective  for  divalent  cations 
over  monovalent  ions. 

As  was  illustrated  in  Fig.  la-c,  the  channels  are  more  likely 
to  be  open  at  positive  potentials.  We  have  also  analysed  the 
effect  of  changing  potential  on  the  single-channel  open  and 
doted  times,  which  reflect  the  probabilities  of  dosing  and  open¬ 
ing.  Using  either  Ca3*,  Ba3*  or  Sr2*  as  the  current  carrier, 
decreasing  the  membrane  potential  from  4- 100  mV  to  4-50 mV 
caused  the  channel  open  times  to  decrease,  and  the  dosed  times 
(intervals  between  openings)  to  increase  (data  shown  for  Ba3*. 
Fig.  3).  At  4-100  mV,  the  mean  open  time  of  the  channel  with 
Ba3*  as  the  current  carrier  was  about  127  tmIFig.  3b).  Reducing 
the  potential  to  4-75  mV  and  then  to  4-50  mV  decreased  the 
mean  open  time  of  the  channel  to  76  ms  and  to  2V  ms.  If  the 
mean  open  time  continues  to  decrease  as  the  membrane  poten¬ 
tial  is  reduced  further,  then  the  channel  open  times  should  lave 
been  in  the  millisecond  range  around  0  mV.  a  value  similar  to 
those  obtained  in  patch  clamp  experiments  on  other  prepar¬ 
ations*  *\  Reducing  the  potential  not  only  decreased  channel 
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3c).  From  +100  mV  io  +50  mV,  the  dosing  r*te  increased 
4.4-(oW  and  the  often  inf  rite  decreased  2.5-fold  indicating  that 
the  probability  of  a  channel  being  open  changed  approximately 
10-fold  for  tha  50  mV  change  in  membrane  potential,  a  value 
umilir  to  that  found  for  Ba*' -conducting  channel*  in  cultured 
heart  muacte  cell*4. 

Channel  open  time*  were  affected  by  the  speck*  of  ion  carry* 
tng  the  current  through  the  channel  a*  well  as  by  voltage  (con* 
trmst  ref.  22).  Throughout  the  range  of  potentials  studied,  chan* 
neb  with  Ba2*  carrying  the  current  had  a  shorter  mean  open 
time  than  with  C*2*  or  Sr2*  a*  current  earners  (Fig.  3d).  At 
+  100  mV,  the  single-channel  mean  opea  tunes  with  Ba2*,  Sr2* 
and  Ca2*  were  127  ms,  385  tm  and  454  ms,  respectively.  Thus, 
there  is  a  parallel  between  the  sequence  of  mean  open  times, 
and  the  sequence  of  mean  transit  times  for  the  permeant  ions 


(0.4  u*  for  Ba2*;  0.7  for  Ca2*  and  Sr2*,  calculated  from  the 
unit  current  at  +100  mV).  A  similar  relationship  can  be  derived 
from  op-n  times  and  mil  conductances  observed  when  different 
alkali  cations  carry  current  through  the  acetylcholine  receptor 
channel1  •  In  addition,  the  order  of  the  mean  open  time* 
(Ba2*  <Sr2*<Ca2*)  is  the  same  as  the  order  of  apparent 
affinities  of  these  ions  for  Ca2  channels  in  rat  brain  synapto* 
somes*.  These  results  are  consistent  with  the  general  idea  that 
occupancy  of  a  channel  by  a  permeant  ion  can  impede  channel 
closing,  a  conclusion  also  reached  in  studies  of  squid  axon 
potassium  channels20. 

Calcium  entry  into  a  wide  variety  of  cells  is  mediated  by 
voltage* activated  channels  that  are  permeable  to  the  cations 
Ca2*,  Ba2*  and  Sr2*  (sec  Fig.  1;  for  review  sec  ref.  3).  The 
exact  mechanism  of  ion  permeation  is  unknown,  but  one  impor¬ 
tant  step  may  be  the  association  of  Ca2*  with  a  binding  site  in 
the  channel.  There  b  good  evidence  that  in  many  types  of  celb, 
lanthanum  and  a  variety  of  transition  metals  block  Ca2*  move* 
ment  through  the  channels  by  competing  with  Ca2*  for  this  site. 
To  date,  there  are  no  data  at  the  single  channel  level  on  the 
mechanism  of  block  by  inorganic  ions.  We  found  that  lanthanum 
reduce*  use  single  channel  current  in  a  doae-de pendent  manner 
(Fig.  4).  In  the  presence  of  250  mM  Sr2*,  145  jiM  La4*  reduced 
the  single  channel  current  by  50%.  In  addition  to  lanthanum, 
cadmium  and  manganese  also  reduced  the  single  channel  cur* 
rents,  with  the  order  of  potency  being:  La2*  >  Cd2*  »  Mn2*. 

The  selectivity  among  Ca2*,  Ba1*  and  Sr2*,  and  for  divalent 
over  mooovakm  cations,  the  small  single-channel  conductances, 
the  voltage  dependence,  and  the  block  by  lanthanum  and  cad¬ 
mium,  reported  here,  are  considered  to  be  properties  common 
to  all  Ca**  channels1'*.  Based  on  these  criteria,  these  channels 
closely  resemble  voltage-dependent  calcium  char. neb  that  have 
been  studied  in  a  variety  of  excitable  tissues.  Of  several  unresol¬ 
ved  questions  about  Ca2*  channels,  the  following  appear  to  be 
especially  well-suited  for  investigation  using  the  bilayer  system: 


Fig.  3  Voltage-dependence  of  ungic-channei  open  limes  and  dosed  times,  a,  original  record  of  single-channel  •  urrent  fluctuations  with  Ba2* 
as  the  current  earner  at  +50  mV.  +75  mV  and  +100  mV  The  solid  ban  show  the  level  at  which  all  the  channels  were  closed,  k  Effect  of  voltage 
on  the  distribution  of  single -channel  open  times.  Open-time  distributions  were  determined  from  the  same  experiment  shown  in  3a.  The  open 
times  were  determined  from  single-level  fluctuations  that  terminated  in  i  closure,  multiple -level  fluctuations  were  rare  and  were  not  counted. 
The  distributions  of  open  times  at  +50  mV.  +75  mV.  +  100  mV  could  he  described  in  each  case  by  a  single  exponential  Plotted  on  a  logarithmic 
scale  on  the  ordinate  is  the  percentage  of  events  that  lasted  at  leasi  as  long  as  the  time  indicated  on  the  abscissa.  The  total  number  of  events, 
the  slopes  and  correlation  coefficients  of  the  linear  regression  lines  through  the  log- transformed  data  were  at  +50  mV.  142.  -34.7  s  \  -0.UU3; 
at  +75  mV.  77,  - 13  1  s  \  -own;  and  at  ♦  |0tlmV.  75.  -7.‘,*s  -0  VUU.  c.  Effect  of  voltage  on  the  distribution  of  times  between  openings 

from  the  same  experiment.  The  distributions  of  closed  times  at  ♦511  mV.  +75  mV  and  ♦  100  mV'  could  also  he  devnbed  by  single  exponentials. 
The  total  number  of  events,  the  slopes  and  correlation  coefficients  of  the  linear  regression  lines  through  the  log- transformed  data  were  at  ♦  50  mV. 
142.  H).3Hs  -O  W3.H  +75 mV.  77.  -0.76 s  -0.9K5:  ar.J at  ♦lOOmV.  7l.-0.U4s  '.  -0.VU7.  &  Eflectsof  Ba**. CaJ‘  and  St2'  on  the 
distribution  <4  single -channel  open  time,  ,t  ♦  100  mV  the  total  number  of  events  and  the  slopes  and  correlation  coefficients  of  the  linear 
regressktn  lines  through  the  log-tram  ormed  data  were  with  lia;\  75.  -  7  Us  -II  WU.  with  Sr’*.  124.  -2.hs  -O.UMfi;  and  wuh  Ca2*.  M2. 
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Block  at  Mt|k<haimd  croniwm  current*  by  lanthAmun. 
Representative  ungk  channel  current  step*  in  the  presence  erf 
250  mM  SfO,  in  0. 45  and  545  L*C1,  on  the  cit  tide.  The  top 

and  middle  records  were  filtered  at  100  Hz  and  the  bottom  record 
was  filtered  at  20  Hz  on  playback. 


( 1 )  Can  permeant  divalent  cations  move  through  the  channels 
in  both  directions?  In  the  presence  of  physiological  Ca2* 
gradients,  current  through  Ca*'  channels  is  inward.  Our  results 
probably  reflect  an  outward  movement  cf  divalent  cations 
through  the  open  channels.  Bidirectional  movement  could  be 
verified  in  the  presence  of  the  appropriate  divalent  cation  con¬ 
centration  gradients  to  allow  measurable  currents  at  potentials 
where  the  channels  are  open.  (2)  Are  Ca2*  channels  modulated 
directly  by  neurohormones  (for  example,  catecholamines)  or 
via  a  cyclic  AMP-protein  phosphorylation  cascade1"2?  This 


hypothesis  could  be  tested  in  the  planar  btlayer  system  by  adding 
either  the  neurohormones  or  the  constituents  necessary  for 
protein  phosphorylation.  (3)  How  do  clinically  important  Ca- 
antagonists'  affect  single  Ca2*  channels^*?  The  side  of  the  chan- 
nets  si  which  these  agents  act  and  the  reversibility  of  their  action 
coaid  easily  be  investigated.  Finally,  the  planar  bilayer  system 
may  also  provide  the  opportunity  to  compare  Ca2*  channels 
from  different  tissues,  such  as  heart  and  smooth  muscle,  under 
wcB-defineJ  conditions. 
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